Development of quartz resonator techniques for thin film measurements. by Way, A. S.
1351695
UNIVERSITY OF SURREY LIBRARY
ProQuest Number: All rights reserved
INFORMATION TO ALL USERS 
The quality of this reproduction is dependent upon the quality of the copy submitted.
In the unlikely event that the author did not send a com plete manuscript 
and there are missing pages, these will be noted. Also, if material had to be removed, 
a note will indicate the deletion.
uest
ProQuest 10130240
Published by ProQuest LLO (2017). Copyright of the Dissertation is held by the Author.
All rights reserved.
This work is protected against unauthorized copying under Title 17, United States C ode
Microform Edition © ProQuest LLO.
ProQuest LLO.
789 East Eisenhower Parkway 
P.Q. Box 1346 
Ann Arbor, Ml 4 81 06 - 1346
DEVELOPMENT OF QUARTZ RESONATOR TECHNIQUES FOR THIN 
FILM MEASUREMENTS
A.S. Way, MSc CEng MIEE
Department of E le c tro n ic  and E le c t r i c a l  Engineering, 
U niversity of Surrey, Guildford, GU2 5XH, U.K.
Presented for consideration  for the
degree of Doctor of Philosophy in the department
of E le c tro n ic  and E l e c t r i c a l  Engineering.
A p r i l  1999
© A . S .  Way 1999
ABSTRACT
The ob jective  of the current work has been to develop a 
system which w ill  allow continuous monitoring of a re a l  mass 
density, l a t e r a l  s t r e s s ,  and temperature during a process with 
re a l  time presentation  of re s u lts  making possible e i th e r  manual 
or automated con trol of the process. The system uses three  
quartz resonators of d iffe re n t  cry sta llo g rap h ic  cuts (AT c u t ,  BT 
cut and SC cu t)  in the same environment. The development of an 
algorithm to solve a system of equations representing a complete 
rep resen tation  of the temperature c h a r a c te r i s t i c s  of the three  
resonators is  presented. This is  followed by an an alysis  of the 
p o ten tia l  accuracy of the system and the l im ita tio n s  imposed by 
the assumptions made in the mathematical models of the system. 
Sputtering yields were v e r if ie d  using Rutherford b ackscattering  
an aly sis . Experimental apparatus including the physical mounting 
of the resonators in an experimental environment, d e ta ils  of the 
o s c i l l a t o r  c i r c u i t r y  and frequency counter, and use of a personal 
computer for data acq u isitio n  and control are described. The 
re s u lts  presented show, in addition to  the mass change and 
l a t e r a l  s tr e s s  build-up which occur when sputtering a gold film  
with an argon ion beam, the rad iation  induced temperature r is e  
and the rad ia tion  induced s tr e s s  caused by temperature grad ien ts.  
An experiment using beams of Sb* a t  50keV and Sbg* a t  lOOkeV has 
been used to demonstrate the enhancement of sputtering y ield  th at  
occurs when Au films are bombarded with monomers and dimers of 
Sb at the same energy per atom. Results are compared with 
simulations using both the TRIM program and molecular dynamics 
code.
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The subject of th is  th e s is  is  the development of 
quartz resonator based techniques for in -s i tu  measurements 
of mass change, l a t e r a l  s t r e s s  change and temperature of 
thin  films during ion implantation processes. The i n i t i a l  
focus was on development of su itab le  apparatus, algorithms  
and procedures which would allow automated re a l  time 
measurements during implantation. A fter i n i t i a l
experiments which attempted to define a system and prove 
the v a l id i ty  of th at system, several areas of ap plication  
were explored. This led to a study of the l i t e r a t u r e  on 
sputtering and simulation of sputtering and id e n tif ic a t io n  
of areas where the techniques developed could provide 
additional experimental knowledge about the s tr e s s  
behaviour in thin films during implantation and spu ttering .
Section 1 .1  d e ta i ls  the development of quartz  
resonators as sensors in thin  film processes. Following a 
look a t the development of the general top ic  of atomic 
c o l l is io n s  in solid s in sectio n  1 . 2 ,  section s 1 .3  and 1 .4  
present b rie f  summaries of the development of sputtering  
theory and simulation of sputtering from the l i t e r a t u r e  
re sp e ctiv e ly . P a r t ic u la r  a tte n tio n  is  paid to sputtering  
by high mass ions and ionised c lu s te r s  or molecules where 
nonlinear e f f e c ts  become important or predominant. Section
1 .5  presents a b rie f  overview of Rutherford b ackscattering  
a n a ly s is .
The f i r s t  two sectio n s  of chapter 2 describe the 
experimental in vestig atio n  of physical changes on quartz
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1 .  INTRODUCTION
resonators and development of the o s c i l l a t o r  c i r c u i t r y .  
The focus was on gaining an understanding of problem areas  
and development of a system which would produce re l ia b le  
data. This is  followed by a section  describing the 
mathematical equations used to  represent the three  
resonator system and the algorithms developed for th e ir  
solu tio n . The development of the software is  covered in 
the l a s t  sectio n .
The development of the experimental apparatus and 
experimental procedures are described in chapter 3.
The re s u lts  of two experiments using argon to  sp u tter  
gold film s, the second of which also used Rutherford 
back scatterin g (RBS) to v e r ify  the sputtering y ie ld s , are  
presented in section  4 . 1 .  This includes a c lo se r  look a t  
the sources of e rro r  e s p e c ia lly  in the measurement of 
s t r e s s .  Section 4 .2  describes an attempt to  use the system 
to monitor implantation of oxygen into s i l ic o n  n i tr id e  in 
a Plasma Immersion Ion Implanter ( P H I ) .
Over the l a s t  two decades, there has been growing
in te r e s t  in development of the theory of c o l l is io n s  between 
en ergetic  p a r t i c le s  and solid s  (Andersen, 1993 and 
Thompson, 1981a) .  The work on the in te ra c tio n  between
en ergetic  c lu s te r s  of atoms and solids has been of
increasing in te r e s t .  Section 4 .3  describes an experiment 
using beams of Sb* a t  50keV and Sbg* a t  lOOkeV which
demonstrates the enhancement of sputtering yield  th at  
occurs when Au films are bombarded with monomers and dimers 
of Sb a t  the same energy per atom. Also described are the
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re s u lts  of the f i r s t  stage of an experiment looking a t  the 
e ff e c t  of temperature on the sputtering yield s  of Sb+ and 
Sbj*.
In section  4 .4  the re s u lts  are compared with those  
found in the l i t e r a t u r e  and with molecular dynamic and 
binary c o l l is io n  approximation sim ulations.
The fin a l  chapter summarises the main conclusions of 
the work and discusses several ways in which the work might 
be continued.
1.1  QUARTZ RESONATORS AS THIN FILM SENSORS.
The use of quartz c r y s ta ls  to produce high s t a b i l i t y  
o s c i l l a t o r s  was already being explored in the 1920s and by 
the mid 1930s the use of the AT-cut resonator was well 
established fo r  tran sm itte r  frequency con trol (Terman, 
1937,  Section 70) .  During the second world war research  
workers id en tifie d  many other useful cuts of quartz and the 
production of m illions of u n its  for use in m ilita ry  radio  
equipment had refined manufacturing techniques to  the point 
th at s t a b i l i t i e s  of a few p arts  per m illion over normal 
ambient temperatures and years of use were p ossib le .  
(Heising, 1946)
The AT-cut and BT-cut resonators were developed 
th e o r e t ic a l ly  and experimentally from the ro tated  Y-cut  
family of resonators of which they are a p art to produce 
resonators which had a low c o e ff ic ie n t  of frequency change 
with temperature and which would o s c i l l a t e  re l ia b ly  in the 
desired thickness shear mode. The o rie n ta tio n  of the AT-
3
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Figure 1 .1
The AT- and BT-cuts in quartz r e la t iv e  to  the major and 
minor rhomb fa ce s . The X -axis  is  normal to the plane of 
the diagram. The r -  and R-faces make an angle of 38° 1 3 ’ 
with the Z -a x is . (Bottom, 1982)
cut and BT-cut resonator c r y s ta ls  r e la t iv e  to the quartz 
c r y s ta l  axes are shown in figure 1 . 1 .  The s e n s i t i v i t y  of 
the shape of the frequency versus temperature curves to  
changes in the angles re la t iv e  to  the Z a x is  are shown in 
figure 1 . 2 .
A s ig n if ica n t  p art of th is  work was the development of 
su itab le  holders which would minimise the side e f f e c ts  
produced by changes in mechanical s tr e s s  and loading. The 
development of deposited metal e lectrod es d i r e c t ly  onto the 
c r y s ta l  surfaces and the optim isation of the electrod e  
shapes led to subsequent development of the resonators as 
sensors (Lu, 1984) .
The f i r s t  reported work on the use of a quartz c r y s ta l  
resonator for measurement of the thickness of thin  films  
was by Sauerbrey (Sauerbrey, 1957 and Sauerbrey, 1959
5i
Temperature C
Figure 1 . 2a
Frequency-temperature curves fo r  the AT-cut operating a t  4 
MHz vs. the angle of o r ie n ta tio n . (Bottom, 1982)
Temperature C
Figure 1 . 2b
Frequency-temperature curves fo r the BT-cut a t  d iffe re n t  
values of the angle 0. (Bottom, 1982)
summarized in Lu, 1984) .  Sauerbrey established an 
approximately l in e a r  re la tio n sh ip  between mass change and 
frequency change for thin  films deposited onto quartz  
reson ators . This was based on the assumption th a t  fo r  
small mass change, the addition of foreign mass can be 
tre a te d  as an equivalent mass change of the c r y s ta l  i t s e l f .  
This is  expressed as
A f= -Cfmf (1)
where A f = f c~ fq, Cj?=2fq /pqvq and m^ is  the mass of the added 
film and where f c is  the resonant frequency of the resonator  
with the added film , f q is  the resonant frequency of the  
resonator without the added film , p is  the density of the  
quartz and vq is  the propagation v e lo c ity  in the quartz. 
Since Cj» is  proportional to  the square of the frequency, i t  
is  apparent th a t  i t  w ill  only be valid  over a lim ited  
change in frequency. Behrndt and Love (Behrndt, 1961 and 
Behrndt and Love, 1962) suggested th at the slope be defined 
as Cf* =2fc2/pqvq making
A f= ~Cf5mf . (2 )
This provided a c o rre c tio n  which was useful fo r  repeated  
small changes in mass but which s t i l l  did not allow fo r a 
continuous change of slope during a large  change of mass. 
I f  the above equation is  w ritten  in d if f e r e n t ia l  form and 
in teg rated ,
dmt= -~(p,v5/ 2 f c2)dfc (3)
/  f dm = - (p  v / 2 ) J  ° ( 1 / f  2)df (4)
0
the re s u lt  is  mf= ( pqvq/2  ) ( l / f c -  l / f q) . (5)
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This shows th at the mass change is  proportional to the 
change in period with a constant slope which is  determined 
only by the physical constants of the quartz. This 
equation was found to agree well with experimental data for  
large  changes in mass i f  the m aterial being deposited had 
an acou stic  impedance near to  th a t  of the quartz. 
T heoretical models were developed (Lu and Lewis, 1972)  
which yielded the following equations re la t in g  the mass- 
frequency re la tio n sh ip  to the aco u stic  impedance of the 
deposited film .
PFtf _ tan~*(Z tan itF)
pqt q ‘ itZ(l-F) (6)
where p^  and pq are the d en sities  and t^ and t q the 
thicknesses of the film and the quartz re s p e c tiv e ly , Z is  
the r a t io  of the aco u stic  impedance of the deposited film  
r e la t iv e  to th at of the quartz c ry sta llo g ra p h ic  cut being 
used and F = ( f q- f c ) / f q (7)
An examination of these e f f e c ts  shows th a t  for added mass 
le ss  than about 10% of the c ry s ta l  mass, the deviations  
from the l in e a r  approximation are small fo r most m ateria ls .
EerNisse (EerNisse, 1972) showed th a t  by using AT-cut 
and BT-cut quartz resonators in the same environment, the 
s tr e s s  and mass e f f e c ts  of thin  films deposited on th e ir  
surfaces could be separated. This was because the s tr e s s  
c o e ff ic ie n ts  of the two cuts were approximately the same in  
magnitude but opposite in sign. The equation re la tin g  
frequency changes to changes in mass and s tr e s s  is
where fQ is  the s ta r t in g  frequency, is  the density of 
quartz and t q is  the thickness of the quartz.
Kat= 2.75 X 10"i2 cm2/dyne and KgT= - 2 . 6 5  X 10"*2 cm2/dyne
EerNisse (EerNisse, 1975) suggested the use of a three  
resonator system to  measure mass, s t r e s s  and temperature 
simultaneously. The th ird  resonator proposed was another 
AT-cut resonator with a d iffe re n t  temperature 
c h a r a c t e r i s t i c .  He suggested using the predominant term in 
the temperature e f f e c ts  s e r ie s  expansion
A f / f Q = ajAT + a2AT2 + a3AT3 + ........  (9 )
to represent the temperature e f f e c t  of each resonator in a
system of three equations in three unknowns. Each of the 
three equations takes the form
Af/f„ = a0ATn + KAS/t? -AM/Pqtq • (10)
where n is  the number of the predominant term in the 
temperature e f f e c t s  s e r ie s  expansion.
Chereckdjian (Chereckdjian, 1984) used a th ird  dummy 
resonator in the same environment with a fine wire
thermocouple attached to e s ta b lish  a reference temperature 
a t  which a l l  readings were taken to minimize the 
temperature e f f e c t s .
1 .2  ATOMIC COLLISIONS IN SOLIDS (Townsend e t  a l , 1976)
When an en ergetic  atom or ion encounters a solid
surface i t  loses  energy to the atoms of the solid  u n til  i t s  
energy is  reduced to the average energy of the surrounding 
atoms. The three main processes of energy loss  are (1)  
d ire c t  c o l l is io n s  between the ion and a screened nucleus,
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(2) e x c i ta t io n  of e lectro n s  bound in the so lid  and (3)  
charge exchange processes between the ion and the atoms of 
the so lid . All three processes are energy dependent and so 
make d iffe re n t  contributions to the energy lo ss  along the 
path of the ion. The t o t a l  energy loss  of an incoming ion 
is  the sum of the losses  due to the three p rocesses . The 
three processes can be tre a te d  separately  to  sim plify the 
analysis  and i t  w ill be seen l a t e r  th a t  depending on the  
energy of the incoming ion and the ion and atom species  
involved, one process w ill frequently be dominant. The 
range of the incoming ions is  of major in te r e s t  fo r  
implantation processes because the goal of the process is  
frequently to  achieve a desired concentration  of the ion 
species a t  a p a r t ic u la r  depth. Also of in te r e s t  when 
implanting into c r y s ta l l in e  so lid s  is  the introduction of 
damage to  the c r y s ta l  s tru ctu re  caused by the atomic 
c o l l is io n s  which occur as the incoming ion loses  energy. 
Of p a r t ic u la r  in te r e s t  to  the work presented in th is  th e s is  
are processes which cause mass and s tr e s s  changes in the 
film s. Mass lo ss  w ill  be caused by sputtering where the 
incoming ion tra n s fe rs  enough energy to the atoms of the  
ta rg e t  m aterial to remove some of them from the ta r g e t  
su rface . Changes in s tr e s s  in films can be made by 
displacements in the film caused by c o l l is io n s  of the ion 
as i t  slows down and loses  energy. Sputtering w ill  be 
discussed in section  1 . 3 .
In the energy range between 5 and 500 keV the dominant 
energy loss  for heavy ions is  by e l a s t i c  in te ra c tio n s
9
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M , v,
Figure 1 .3
A c o l l is io n  between two p a r t i c l e s  in a laboratory  
ordinate system. (Townsend e t - a l , 1976)
co-
Figure 1 .4
A co lls io n  between two p a r t i c l e s  in a centre  of mass frame 
co-ordinate system. (Townsend e t - a l ,  1976)
1 1
between the ion and a screened nucleus, We can approach 
the problem by considering two body events in a centre  of 
mass coordinate system to p red ict  the energy lo s s ,  T, the 
cross section  fo r energy t ra n s f e r ,  da j , and the angle of 
s c a t te r in g .  The t r a j e c t o r y  of the p a r t i c l e s  for a two body 
c o l l is io n  event is  shown in figure 1 .3  fo r  a laboratory  
frame and the equivalent c o l l is io n  in a centre  of mass 
frame is  shown in figure 1 . 4 .  In the laboratory  frame the 
momentum must be
This is  equivalent to moving the p a r t i c le  Mg in the centre  
of mass frame a t  a v e lo c ity
In an e l a s t i c  c o l l i s io n  both energy and momentum are  
conserved so
M,uj = (Mj + M,) V„ ( 1 1 )
( 1 2 )
(M, + M2)
“ l V  + M2U/  = M1V12 + « 2V22 (13)
and
(14)
which implies
U, = V. (15)
M, + M2
and
( 16 )
Mj + M2
1 2
Figure 1 .5
Vector diagrams of the v e l o c i t i e s  which r e la t e  the two co­
ordinate systems, (Townsend e t - a l ,  1976)
Referring to the v e cto r  diagrams shown in figure 1 .5
enables us to r e la te  the angles in the two systems by
V., cos <J) + Vg cos Og -  u2 (17)
Vg sin  = V2 s3_n (18)
which can be reduced to
sin (J) = tan ©2 (1 -  cos + ) .  ( 19)
The re c o i l  energy of the struck atom is  the energy
0
tran sferred  T = E2 = £M2v2
. Mj u«
v2 = 2(1 -  cos <j>) -----------------   (20)
(Mj + M2) 2
so
4M1M2 0 . 4> ,T = ---------------  E sin2 --------  (21)
(Mt + m2 t  1 2 /
which makes the upper l im it  fo r  energy t r a n s f e r  in a head 
on c o l l is io n
4MjM2
T =   — E, . (22)
(M, + M2)2 1
In order to t r e a t  ion/atom c o l l is io n s  as c l a s s i c a l  
e l a s t i c  c o l l is io n  events i t  is  necessary to  choose a form 
for the repulsive p o te n tia l ,  V( r ) ,  between the incoming ion 
and a ta rg e t  atom, where r  i s  the in te r p a r t i c le  separation,  
in order to c a lc u la te  a s c a tte r in g  angle. H is to r ic a l ly  the 
Coulomb, Bohr and Born-Mayer p o ten tia ls  were of th is  form. 
The Coulomb p o ten tia l  i s  the repulsive force  between the 
two nuclei ignoring any screening e f f e c t  by the associated  
electro n s  and is  expressed a n a ly t ic a l ly  by
V(r)  = ZjZ2e2/ r  (23)
where Zj and Z<> are the atomic numbers of the atoms 
involved, e is  the e le c tr o n ic  charge and r  is  the 
separation of the atoms. The Coulomb p o te n tia l  gives good 
re s u lts  where c o l l is io n s  in which 0<r<<a^ predominate, where 
aB is  the radius of the f i r s t  Bohr o rb it  in hydrogen ( =0. 53  
A). The Born-Mayer p o te n tia l  i s  expressed a n a ly t ic a l ly  as 
V(r)  = A e x p (-r /b )  where A and b are con stan ts . The Born- 
Mayer p o te n tia l  gives good re s u lts  where c o l l is io n s  in 
which r>>ag predominate. The Bohr screened Coulomb 
p o te n tia l  expressed a n a ly t ic a l ly  as
ZjZne2
V(r)  = -------------  exp ( - r / a ) (24)
r
gives b e tte r  re s u lts  over the range where r  is  of the same 
order as a^  but f a l l s  o ff  too quickly for large  values of r .  
A v a ria tio n  of the screened Coulomb p o te n tia l  (Lindhard, 
S ch arff, S ch io tt ,  1963) known as the LSS p o te n tia l  gives
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good re s u lts  fo r  most a p p lica tio n s . The LSS p o te n tia l  is  
expressed a n a ly t ic a l ly  as
Z z e^
V(r) = — ---------- <|>Ip( r / a )  (25)
r
where ^ ( r / a )  is  the Thomas-Fermi screening function  
expressed a n a ly t ic a l ly  by Lindhard as
* TF( r / a )  = 1 -  ( r / a ) [ ( r / a ) 2 + 3 ] '1/2 (26)
where a ~  aJZjZj)"1^ 6. A comparison of various proposed 
interatom ic p o te n tia ls  i s  shown in figure 1 . 6 .
14
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Ion separation, A
Figure 1 .6
A .comparison of various proposed interatom ic p o te n tia ls  
between two copper atoms. (Townsend e t - a l , 1976)
The development of a u niversal screening p o te n tia l  is  
described by Ziegler e t - a l  ( 1985) .  Figure 1 .7  compares 
th is  universal screening p o te n tia l  with other interatom ic  
p o ten tia ls  in terms of a screening function , The
d e f i n i n g  e q u a t i o n s  a r e  g i v e n  i n  t h e  f i g u r e .
UNIVERSAL S c r e e n i n g  P o t e n t i a l  15
Figure 1 .7
The reduced screening function has been f i t t e d  to the 
a n a ly tic  expression shown above with four exponential 
terms. This screening function is  id en tifie d  as <5>g, a 
universal screening function with i t s  argument, x , being 
defined as x a r / a u, where au is  the universal screening  
length shown above. (Z ie g ler  e t - a l ,  1985)
The LSS cross  se ctio n  fo r  nuclear c o l l is io n s  is
appropriate fo r  a l l  values of Zj, Zg, Mj, M2. I t  is  
th erefo re  sensible to  r e l a te  the cro ss  section  to
dimensionless energy and range parameters £ and p,
aM?
6 = E   --------   (27)
ZjZjje ( M| + M2)
4n:a2Mi
p = RNMn     (28)
(M1 + Ht ) 6
where R is  the range, and N the number of atoms per unit
volume.
The s t o p p i n g  c r o s s  s e c t i o n ,  a ,  i s  r e l a t e d  t o  t h e s e
p a r a m e t e r s  by
(M, + M, )
= a   \    • (29)
d P 1 nuclear 4 n e  Z 1Z2M1
<f>
€ sin ( y )
Figure 1 .8
The d i f f e r e n t ia l  cro ss  sectio n  for e l a s t i c  nuclear  
c o l l i s io n s .  The c a lc u la tio n  from the LSS theory using a 
Thomas-Fermi p o te n tia l  approaches the Rutherford s ca tte r in g  
cross  section  a t  high energy. For comparison the cross  
sectio n  for an inverse square law p o te n tia l  is  a lso  shown. 
The cross  section  and energy axes are p lo tted  in terms of 
universal functions (see t e x t ) .  (Townsend e t - a l , 1976)
The universal curves computed from th is  expression are  
shown in figures 1 .8  and 1 . 9 .  Figure 1 .8  is  a p lo t of the 
d if f e r e n t ia l  cross  se ctio n  computed by LSS using a Thomas- 
Fermi model to give da in terms of energy tra n s f e r  as
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Figure 1 .9
Nuclear and e le c tr o n ic  stopping cross section s in reduced 
u n its .  The curved lin e  is  the nuclear cross  sectio n  
computed from the LSS theory of figure 1 . 8 .  E le c tro n ic  
stopping is  proportional to  v e lo c i ty  and fo r  comparison the 
cross  sectio n  for the inverse square law p o ten tia l  is  also  
shown. (Townsend e t - a l ,  1976)
I t  can be seen th at the LSS and Coulomb p o ten tia ls  p re d ict  
the same sca tte r in g  cross  sectio n s  a t  high energies where 
we measure Rutherford s c a t te r in g .  In the intermediate  
energy range there is  a lso  some agreement with the cross  
section  predicted by the inverse square p o te n tia l .
Figure 1 .9  shows the universal cross  section  curve in 
terms of the cross  sectio n  and v e lo c ity  of the primary ion. 
Here the e l a s t i c  (nuclear) energy losses  are compared with 
the in e la s t i c  energy lo s s e s .
The u n i v e r s a l  s c r e e n i n g  f u n c t i o n  p r e s e n t e d  i n  f i g u r e
1 .7  can be used to  compute a universal reduced nuclear  
stopping function, Sfl, which is  shown in figure 1 . 10 where 
i t  is  compared with nuclear stopping functions using other  
interatom ic p o te n tia ls .
We can also  use a c l a s s i c a l  approach when considering  
the in e la s t i c  energy loss  from the passage of the ion 
through the e le c tr o n ic  cloud of the ta rg e t  atom. Again one 
can tra c e  the h is t o r i c a l  approach from the e a rly  theory of 
Bohr (1913)  where he considered a fu lly  ionised atom 
s tr ik in g  a second ion. The primary ion w ill be stripped of 
a l l  i t s  e lectro n s  i f  i t  is  moving a t a higher v e lo c i ty  than 
the e lectro n s  of the K sh ell  (v > Z^ e /h ) so the ra te  of 
energy loss  w ill  depend on the closeness of approach to the 
second atom and thus the number of e le ctro n s  which can be 
e x c ite d . Bohr wrote the energy loss  as
, dE 4nZ,2e4
  =--- ------ -------- B (32)
' dx 1 electronic mv
where B is  a measure of the penetration through the
electro n  s h e lls .
There is  no universal curve which describes the  
e le c tro n ic  loss  for a l l  ion p a irs ,  as there is  fo r e l a s t i c  
c o l l i s io n s ,  and fo r  amorphous m aterials  a good 
approximation is  to assume the energy lo ss  is  proportional  
to the ion v e lo c i ty .  The Lindhard, Scharff (1961)  
formulation is
18
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w here  v  i s  t h e  v e l o c i t y ,  v Q t h e  Bohr v e l o c i t y  (Z^e /h )  and
8Tce2NagZjZ2
electronic ^  + ^
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Figure 1.10
Universal reduced nuclear stopping ca lcu la ted  using the
universal screening p o te n tia l  shown in figure 1 . 7 .  The
re s u lt  is  shown in reduced co-ordin ates  in the s p i r i t  of
LSS theory but with the screening length of LSS theory, a j ,
being replaced with th a t  of figure 1 . 7 ,  au. The reduced 
nuclear stopping power ca lcu la tio n s  are shown as small 
c i r c l e s  over the 8 decades of energy. Through these points  
has been f i t t e d  the a n a ly tic  formula id en tified  in the 
figure as : Universal Nuclear Stopping. This function
agrees with the c a lcu la te d  nuclear stopping within a few 
p ercent. Also shown are the nuclear stopping c a lc u la tio n s  
based on the four c l a s s i c a l  atomic models. (Z iegler  e t - a l ,  
1985)
numerically j; ~ Z*^. When w ritten  in terms of e and p the 
e le c tro n ic  energy loss  is  
de 
dp
= ke1/! (34)
e l e c t r o n i c
with
0 . 0 7 9  Z ^ Z ^ Z g 1/2 (Mj + Mg)3/2
( Z p  + Zg2/3 ) * 7 y V *  ’ * *
th a t  i s ,  a l in e a r  energy loss  with v e lo c i ty  and a 
p ro p o rtio n ality  constant a function of each ion p a ir .
The cross  section  fo r  t ra n s f e r  of an e le ctro n  from one 
ion to  another is  a maximum i f  the ion v e lo c i ty  is  c lo se  to  
the o r b ita l  v e lo c i ty  of the e le c tro n . This i s  a well 
defined process for inner sh ell  e lectro n s  but as the ion 
slows down the outer e le c tro n  sh ells  w ill o ffe r  a range of 
s ta te s  su itab le  fo r charge t r a n s f e r ,  p a r t ic u la r ly  fo r  heavy 
ions. For l ig h t  ions Bohr (1948)  proposed capture and loss  
cross  section  as
"c a p t u r e  ~  4 ^ + + + v / v ) 6 ( 3 6 )
" l o s s  ~  T t a / z / z / ' f i v / v )  ( 3 7 )
whereas fo r  heavy ions Bohr and Lindhard (1954)  suggest
" c a p t u r e  "  V v >*  < 3 8 >
" l o s s  ~  " a B2 z l 1 / 3 z 22 < V v 1 > 3 • ( 3 9 >
I f  Vj is  the v e lo c ity  of outer e lectro n s  on the moving ion
then fo r  heavy ions the capture and lo ss  cross  sectio n s  are
symmetric about Zj and Zg. Charge exchange lo sses  represent
a small f ra c t io n  of the t o t a l  energy lo s se s ,  ty p ic a l ly  a
few p ercent.
The preceeding th eo ries  in d icate  the mechanisms of 
energy lo ss  so we are now able to p red ict  the t o t a l  path 
covered by the ion as i t  i s  brought to  r e s t  from an i n i t i a l
2 0
energy EQ. I t  is
Bo -dE
R t o t a l  =  '  » --------------------------------- • < 4 0 >(dE/dx)total
At high en ergies , where e le c tro n ic  losses  dominate, the
p a r t i c l e  is  only s l ig h t ly  d eflected  but a t  the end of the 
path the e l a s t i c  nuclear c o l l is io n s  produce large angle 
s c a t te r in g .  A more useful measure of range, because i t  
r e l a t e s  d i r e c t ly  to  the depth p ro f i le  of the implanted 
ions, is  the projected  range, Rp, defined as the average 
component of range perpendicular to the ta r g e t  su rface .  
The ea rly  theory of Lindhard and Scharff (1961)  provides an 
approximate re la t io n  between the t o t a l  and projected  ranges 
in the case of nuclear stopping as
Rtotal 2^ / ai  \ * i  * ----------. (41)
Rp 3Mj
The discussion so fa r  has assumed an amorphous ta r g e t .  
When the ta r g e t  i s  c r y s t a l l in e  and the d ire c tio n  of the 
incoming ions i s  aligned or nearly  aligned with the c r y s ta l  
s tru c tu re ,  some of the ions w ill  enter the ta rg e t  a t  
lo catio n s  where the p ro b ab ility  of a nuclear c o l l is io n  is  
g re a tly  reduced so they w ill  t ra v e l  deeper into the ta rg e t  
before coming to  r e s t .  This is  known as channelling. The 
channelled ions are steered  through the channel by glancing  
angle c o l l is io n s  with the atoms surrounding the channel and 
are thus subjected to e le c tr o n ic  losses  over a r e l a t i v e ly  
large  distance before losing enough energy to  be deflected  
into a non-channelled d ire c t io n .
We have looked a t  what happens to an incoming ion as 
i t  loses  energy and comes to  r e s t  in a t a r g e t .  In the 
process of losing energy i t  has collided  with a large  
number of ta rg e t  atoms to which i t  has tran sferre d  enough 
energy to  make them into moving p a r t ic le s  which in turn
2 1
w ill c o ll id e  with other ta r g e t  atoms. The e n tire  s e r ie s  of 
c o l l is io n  events resu ltin g  from a single ion entering a 
ta rg e t  is  known as a c o l l i s io n  cascade. Some of these  
c o l l is io n s  w ill  re s u lt  in atoms of the ta rg e t  a rriv in g  a t  
the surface with enough energy to leave the su rface . This 
is  known as sp u tterin g . Also associated  with the c o l l i s io n  
cascade is  damage to the ta rg e t  atomic s tru c tu re  in the  
form of vacancies and i n t e r s t i t i a l s .  I t  is  th is  ta r g e t  
damage which produces s t r e s s  in the ta rg e t  m ateria l .
The subject of the interatom ic repulsive p o te n tia ls  
has been discussed. The a t t r a c t i v e  p o te n tia ls  which oppose 
them in a so lid  become important when dealing with events  
at the su rface . For sputtering ca lcu la tio n s  a planar
surface binding energy, UQ, is  considered adequate fo r
single atom events. UQ is  of the order of a few eV fo r  
metals and a c ts  on the component of v e lo c ity  perpendicular  
to the su rface . The energy and angle of the p a r t i c l e
leaving the surface w ill  be
E* = E -  U0, (42)
cos 0 ’ = { ( E  cos2 0 -  U0) / ( E  -  UQ) } 1/2 (43)
where E and 0 are the energy and angle before leaving the 
surface and E ’ and 0* are the energy and angle a f t e r  
leaving the su rface .
1 .3  SPUTTERING THEORY (Thompson, 1981a)
Linear cascade theory (Sigmund, 1969) p red icts  th at  
the sputtering yield  is  l in e a r ly  dependent on the energy 
deposited into e l a s t i c  c o l l i s io n  events a t  the ta rg e t
2 2
su rface . The general re s u lt  from c o l l is io n  cascade theory, 
assuming a planar surface b a rr ie r  p o te n tia l ,  gives the  
ca lcu la ted  sputtering (Sigmund, 1969) y ie ld , Sg, as
Ax Fd( 0 , E , ti)
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where (Fp is  the s p a tia l  d is tr ib u tio n  of deposited energy, 
E is  the incident ion energy, q is  the cosine of the angle 
between the incident ion path and the surface normal, ) UQ is  
the surface binding energy and Ax is  a depth over which the  
deposited energy con tribu tes to  Sg. Linear cascade theory  
assumes th a t  a l l  c o l l is io n s  are between a moving atom and 
a s ta tio n a ry  atom. When the number of ta r g e t  atoms se t  
into motion in a c o l l is io n  cascade is  such th a t  th is  
assumption is  no longer valid  the c o l l is io n  cascade  
gradually becomes a high density cascade. High density  
cascade e f f e c ts  show up as a departure from th is  model;
i . e .  a much higher sputtering y ie ld , Sg, i s  measured than is  
predicted by the model.
The "thermal" spike model (Thompson and Nelson, 1962) ,  
(Nelson, 1965) and (K elly , 1977) was a s ig n if ica n t  step in 
the development of th e o re t ic a l  treatm ents of the 
enhancement of sputtering yield  due to  high density cascade  
e f f e c t s .  The ea rly  (Thompson and Nelson, 1962) supposition  
was th a t ,  as a re s u lt  of the c o l l is io n  cascade, a momentary 
lo ca lize d  large  increase in "temperature" occurs such th at  
surface atoms are emitted v ia  evaporation. I t  was l a t e r  
(Johar and Thompson, 1979) argued th at the high ra te  of
a c o l l is io n a l  spike which causes a reduced surface binding
energy leading to enhanced sputtering y ie ld s . Models were
then developed to describe the i n i t i a l  "temperature"
d is trib u tio n  and i t s  time evolution. Thermal sputtering
can be subdivided into two separate processes on the basis
-12 -11of time; prompt thermal (^10 to 10 s) a f t e r  ion impact, 
and slow thermal, which occurs on a time sca le  >10"^ s .  The 
t o t a l  sputtering yield  is  the sum of the yield  due to the 
l in e a r  cascade, Sc , and the yield  due to thermal e f f e c t s ,  
STheraal* P1*010^  thermal regime corresponds to the time
necessary for the energy deposited into atomic motion to be 
d istrib u ted  to  a l l  atoms in the cascade volume. The slow 
thermal regime corresponds to  a time sca le  s u f f ic ie n t ly  
long for atomic motion and e le c tro n ic  e x c ita t io n  to reach  
equilibrium. However, by th is  stage of the cascade 
quenching, the cascade volume w ill have almost returned to  
the macroscopic ta rg e t  temperature so thermal emission 
would only be expected fo r  the most v o l a t i l e  m ateria ls .  
For th is  and other reasons, i t  is  concluded th at a 
contribution  to sputtering by a prompt thermal process is  
subject to serious ob jectio n s. (Thompson, 1981a)
In a s im ilar model (Sigmund and Claussen, 1981) ,  the 
spike volume i s  tre a te d  as g a s -l ik e ;  i . e .  the k in etic  
energy d is trib u tio n  of the atoms is  described by Maxwell- 
Boltzmann s t a t i s t i c s  and energy tran sp ort is  determined by 
a temperature dependent thermal d if f u s iv i ty ,  K, obtained 
from k in etic  gas theory as (Sigmund, 1974)
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e n e r g y  d e p o s i t i o n  i n  t h e  s u r f a c e  r e g i o n  m a n i f e s t s  i t s e l f  a s
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25 1 . kT 1/2
48 Nl a2
K =  - - - - I ------ ) (45)
I tcM2 I
where k is  Boltzmann’ s con stan t, ® 24 and a 0. 0219 nm 
are constants appropriate to  the approximate Born-Mayer 
p o te n tia l  applied to low energy r e c o i l s .  Assuming a 
c y lin d ric a l  spike geometry with i n i t i a l  spike width <pg2>^2 
and an i n i t i a l  temperature d is tr ib u tio n  based again on 
current cascade theory, the heat conduction equation  
dT d2T
— = K — r -  (46)
dt  dx
can be solved. Then, as in the previous model, the 
in tegrated  evaporation flux yield s the thermal sputtering  
y ie ld . This is  found to be
O.O36A,0azF , D(O ,E,li)<i f UQ
S Th ~ ' "2“ “  fU L 0.
(47)
'0 v '
where F ’ ^OjEjij)  i s  the energy deposited per unit path
length (taken for c a lc u la tio n a l  purposes as the value a t
x=0)  and f ( £ )  = (l+£-i;  )e x p ( ) + £3 J (e~Vt) dt where
2 *0y = F 5d/ 2 tcN <pQ > i s  the bulk deposited energy density .
Since 0y « F ’ D, then where m is  somewhat g re a te r
than 2. For molecular ion sputtering we note th at  
SgQ^ /nS^ Qg es n13. This model then p red icts  good q u a li ta t iv e  
agreement with the experim entally observed (Thompson, 
1981b) ~Fp dependence of yield  enhancement above Sg values  
of around 10 and also  with experimentally observed (Johar  
and Thompson, 1979) molecular enhancement f a c to r s .
The concept of a c r i t i c a l  sputtering y ie ld , above 
which non -lin ear behaviour occurs was also  adopted in a
c o l l i s io n a l  model extended to  accommodate very high 
sputtering y ie ld s . (Thompson, 1981b) The basic
requirements considered in modifying the c o l l i s io n a l  model 
are now discussed.
i )  For values g rea ter  than the c r i t i c a l  values, as 
obtained from the onset of non-linear sp u tterin g , atoms 
w ill be sputtered from layers  th a t  o r ig in a lly  lay beneath 
the surface lay er and are uncovered as the sputtering  
proceeds during the cascade propagation. Then as SH 
in crea ses , the depth from which sputtered atoms may 
o rig in a te  in cre a se s . This i s  con sis ten t with cascade  
produced experim entally observed surface topography in the  
form of c r a t e r s .  Thus, the deposited energy which would 
p a r t ic ip a te  in sputtering is  th a t  in tegrated  over the depth 
of the c r a t e r s ,  hg, i . e .
1 h g
sw = —;— f FD(x,E, ri )dx (48)TC Uq J 0
where Sjj is  now the non -lin ear sputtering y ie ld . Assuming 
th a t  the c r a t e r s  formed have a hemispherical geometry, h iso
determined from as hg = (( 3 /2  ) S /^Nit ) ^ 3. The agreement 
between and is  reasonably good but as the incident ion 
energy in cre a se s , i s  co n sis te n tly  g re a te r  than fo r a l l  
ions. This can be q u a li ta t iv ly  explained by the following 
additional requirements in a modified c o l l i s io n a l  model.
i i )  The surface binding energy may not have a unique value 
in the presence of a high density cascade and s ig n if ic a n t  
reductions are  reasonable fo r  two reasons. F i r s t ,  i t  has 
been observed th at a s ig n if ic a n t  f a c to r  of sputtered  
p a r t i c l e s  evolve as c lu s te r s  of two or more atoms. These
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c lu s te rs  are co n sis te n t ,  both with c r a t e r  formation and a 
reduced binding energy per atom for emission from the 
su rface . Secondly, the presence of d e fects  created  in the 
surface by the c o l l is io n  cascade could e f f e c t iv e ly  reduce 
the average surface binding energy.
i i i )  The development of surface c r a t e r s  would be 
responsible fo r  producing higher measured sputtering yield s  
than corresponding to  a planar su rface . Such an increase  
has been measured (Whitton e t  a l , 1980) and discussed
t l l s r e t ic a l ly  (Thompson, 1981b) .
Another approach to  modelling the high density cascade 
e f f e c ts  was to use a shock wave model described  
conceptually by C arter (1979)  as follows: As a heavy ion
trav erses  a solid  i t  loses energy a t  the ra te  of some 
hundreds of e le ctro n  v o lts  per atomic layer which is  
i n i t i a l l y  to  a very few atoms. These atoms w ill r e c o i l  
with forward d irected  momentum but with a su b stan tial  
t ra n s la tio n a l  component to the p r o je c t i le  path, a t  very
o r
high v e lo c ity  10 -  10 m/s.  Such v e lo c i t ie s  g re a tly  exceed 
the speed of sound (a t  which normal thermal tran sp ort  
processes o ccu r).  Under such high v e lo c ity  conditions the 
tran sp ort processes may no longer be tre a te d  as those 
pertinent to  a uniform or weakly perturbed gas but must be 
associated  with shock wave propagation. I t  is  thus 
suggested th a t  the core of the spike is  a source of 
continuously developing shock fron ts  and th a t  the atoms in 
th is  core i n i t i a l l y  possess very high mean energies  
(hundreds of eV).  C h a ra c te r is t ic s  of shock fron ts  are th at
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they rapidly d iss ip a te  into the surrounding medium u n til
transforming to normal sound waves and th at the shock front
layer thickness is  very small. R arefaction waves also move
into the shock fro n ts  from the surrounding medium and are
held to be responsible for the backwards e je c tio n
(sp u tterin g ) of so lid  m aterial under hypervelocity  impact.
One may approach the problem (of making q u an tita tiv e
p red iction s of the energy tran sp o rt processes involved) in
a crude kinematic manner as follows. We assume th at
p r o je c t i le  deposits ,*4.000 eV/atomic la y e r .  Then because
there is  a c o l le c t iv e  c o l l is io n  p rocess, the e f f e c t iv e
energy fo r  atomic displacement may be much reduced, perhaps
to the order of 1 eV ( i . e .  of the magnitude of the atomic
heat of melting) as compared to the single c o l l is io n
displacement energy of 15-35 eV per atom. One estim ate of
the number of atoms displaced in th is  plane is  ~ 500 i . e .
the extent of the displacement process would encompass * 20
atomic d is ta n ces . In view of the p re fe re n tia l  forward
motion of the i n i t i a l l y  struck atoms, which would be p a rt ly
o f f - s e t  by backward moving r e c o i ls  orig in atin g  from deeper
la y e rs ,  i t  would be estimated th a t  the shocked volume would
possess an e f f e c t iv e  c ro s s -s e c t io n a l  area of the order of 
-14 210 cm . The time fo r  d is tr ib u tio n  of the i n i t i a l  energy 
would be determined by the v e lo c i t i e s  of the slowest moving 
atoms a t  the boundary of the shock say 10 m/s,  and a 
c o l l i s io n  d istance of 10"*  ^ m, i . e .  10~*3 se cs .  In th is  shock 
period the atoms are moving with energies in the range 1-  
100 eV ( v e l o c i t i e s  between 103 and 10* m/s) so th a t  the flux
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of atoms across any plane l i e s  in the region of 10 atoms 
cm”2 sec’1. The number of atoms ’ e je c te d ’ during the shock 
is  thus * 103*1. 10_1k 10'13 = 1000 which may be id e n tifie d  with 
the sputtered atom yield  i f  the surface binding energy is  
reduced to zero or has a low value, which seems plausible  
in the absence of atomic order in the shocked region. 
Kitazoe and Yamamura (1980)  developed the shock wave model 
based on numerical solution  of hydrodynamic equations. 
This approach was found to agree well with experimental 
data i f  the cascade density was high enough to make the 
hydrodynamic assumptions v a lid .
The temperature dependence of sputtering yields was 
explored experimentally by Nelson (1965)  whose re s u lts  
showed a constant sputtering yield  fo r  Au irra d ia te d  with 
45 keV Xe+ ions between -180°C and 500°C. At higher 
temperatures the sputtering yield  rose to about double the 
lower temperature value a t  950°C. I t  was l a t e r  shown 
(Besocke e t  a l , 1982) th a t  there is  a small r i s e  in
sputtering y ie ld , about 10% from 30°C to 800°C, but th at the 
large  r is e  in yield  above 500°C reported by Nelson (1965)  
was e n tire ly  due to evaporation. The temperature
dependence of the sputtering yield  and the temperature 
evolution during spike processes were explored in g re a te r  
depth by Sigmund and Szymonski (1984) .  The conclusions of 
in te r e s t  are 1) th at the ambient temperature has lim ited  
e f f e c t  on the high temperature p art of the sputtering  
process which is  predominant when "spike" conditions e x i s t  
and 2) th at the ambient temperature as well as beam current
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density e f f e c ts  in conjunction with thermal time constants  
re la tin g  to  the sample and i t s  mounting can have a 
s ig n if ic a n t  e f f e c t  on the low temperature p art  of the 
sputtering process which l a s t s  for a much longer time.
In a review of nonlinear e f f e c ts  Andersen (1993)  
summarized l a t e r  developments of sputtering thoery and 
experimental re s u lts  and the developments in computer 
simulation of c lu s te r  impacts which w ill  be covered in the 
following se c tio n . Andersen (1993) concludes th at spike 
th eories  generally  provide the best explanation of the 
processes involved in high density cascade sp u tterin g , th at  
c lu s te r  emission may play a su b stan tia l  ro le  and th at the 
e x is tin g  data does not allow d iffe r e n tia t io n  between 
d iffe re n t  spike models.
1 .4  COMPUTER SIMULATION OF SPUTTERING PROCESSES
Computer simulation of atomic c o l l is io n s  in so lid s  are  
t r a d i t io n a l ly  divided into fu lly  in te ra c tin g  or molecular 
dynamics (MD) simulations and simulations based on the 
binary c o l l i s io n  approximation (BCA) in which only one 
c o l l is io n  is  tre a te d  a t  a time. The development of 
simulation of atomic c o l l is io n s  in so lid s  is  tre a ted  in 
depth by Andersen ( 1987) .  Much of the development centred  
on the development of r e a l i s t i c  in te ra c tio n  p o te n tia ls  for  
p r o j e c t i l e - t a r g e t  and t a r g e t - ta r g e t  in te ra c t io n s .  The 
subject of i n e l a s t i c i t y  also  received a tte n tio n . Early  
simulations used the hard sphere approximation which gave 
reasonably good re s u lts  for lower en ergies . For higher
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energies the inclusion of e le c tro n ic  energy lo sses  produced 
simulation re s u lts  more in lin e  with experimental re s u lts  
though the level of contribution is  uncertain  e s p e c ia lly  a t  
intermediate energies. Surface and bulk binding energies  
are also important input parameters for BCA simulations  
esp e c ia lly  i f  r e a l i s t i c  re s u lts  for sputtering yield s are  
required .
In a review paper on c o l l is io n a l  sputtering under 
c lu s te r  impact, Andersen (1993)  notes the rapid growth of 
in te r e s t  in simulation of c lu s te r  impacts a f t e r  his review 
paper on simulation of atomic c o l l is io n s  in solid s  
(Andersen, 1987) .  The understanding of the time evolution  
of sputtering yield  and the energy d is tr ib u tio n  of 
sputtered atoms and p a r t i c le s  versus time has been g re a tly  
enhanced by simulation of the processes e s p e c ia lly  the 
understanding of the "spike" phase (Shapiro and Tombrello, 
1991,  Colla and Urbassek, 1997 and Shapiro, 1997) .  Some 
conclusions drawn from these simulation studies a re : 1)
dimer impacts lead to g re a te r  surface disruption than 
monomer impacts and the polar angle d is tr ib u tio n s  of 
ejected  atoms exh ib it la rg e r  forward components fo r dimer 
impacts than for monomer impacts which is  co n sis ten t with 
more second layer atoms escaping the ta rg e t  (Shapiro e t  a l , 
1985) .  The disruption of the surface layer tends to  lower 
the surface binding energy, which leads to  higher y ields  
for dimer impacts. 2) Surface disruption alone is  
in su ff ic ie n t  to  explain the excess y ie ld s .  The energy 
d is trib u tio n  of the e x tra  e jected  p a r t i c l e s  (1 to  10 eV)
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under m olecular-ion bombardment leads to the explanation  
th at the nonlinear e f f e c t s  are due to emission from 
c o l l is io n a l  spikes ( c o l l i s io n  cascades dominated by 
c o l l is io n s  between moving atoms) enhanced by excess surface  
disruption.
The main program now used fo r BCA simulations of 
amorphous m aterials  is  TRIM, f i r s t  published for range 
c a lcu la tio n s  by Biersack and Haggmark ( 1980) ,  but l a t e r  
extended fu lly  to  cover c o l l is io n  cascades including the 
motion of r e c o i ls  (Biersack and Eckstein , 1984) .  Many 
versions of TRIM have been used. Z iegler e t  a l . (1985)
gave a d etailed  d escrip tio n  of a version ca lle d  TRIM 85. 
Subsequent refinements of TRIM are compared with regard to  
sputtering yields in Smith (1997)  where a fa c to r  of 2 
difference  in the sputtering yield  of Argon into Nickel is  
shown between TRIM 89 and TRIM 95. The main d ifferen ces  
a r is e  because of the way in which the e le c tro n ic  energy 
loss  is  included. In TRIM 89, th is  loss  is  subtracted  
a f t e r  the c o l l i s io n  whereas in l a t e r  versions i t  is  
subtracted before the c o l l i s i o n .  The re s u lts  of BCA 
ca lcu la tio n s  used fo r  sputtering ca lcu la tio n s  are also  
sen sitiv e  to the way c o l l is io n s  a t  the surface are handled. 
The agreement with experimental re s u lts  is  good for Argon 
and Xenon into Nickel but r e s u lts  for heavy ions into heavy 
ta rg e ts  ( Sb into Au), where non-linear e f f e c ts  due to  
cascade overlaps become s ig n if ic a n t ,  p red ict  sputtering  
yields which are lower than experimental observations by a 
fa c to r  of 2 or more. (See se ctio n  on experimental r e s u l t s . )
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While MD simulations for sputtering are s t i l l  
sen sitiv e  to the values used for in ter-a tom ic  p o te n tia ls  
and to the way events a t  the surface are handled, they can 
give reasonable re s u lts  fo r  heavy ions into heavy ta r g e ts .
The main lim ita tio n  is  in the amount of computer time
required to follow each event for s u f f ic ie n t  time to
include p a r t i c le s  sputtered la te  in the cascade
development. For the study of c lu s te r  ion impacts, 
esp e c ia lly  of la rg e r  c lu s te r s ,  these problems are  
compounded by the need to use ta rg e ts  containing a large  
numbers of atoms.
1 .5  RUTHERFORD BACKSCATTERING ANALYSIS
(Townsend e t  a l , 1976,  Chapter 8)
Rutherford b ack scatterin g  an alysis  (RBS) is  a primary 
too l for an alysis  of near surface composition and is  
th erefore  e sp e c ia lly  useful for an alysis  of the re s u lts  of 
other ion beam processes which a f f e c t  the same near surface  
region. The technique allows id e n tif ic a t io n  of the mass of 
the ta rg e t  atoms, th e ir  depth, and th e ir  concentrations to  
a depth of up to a few microns depending on the ta r g e t  
m aterials  and concentrations involved. In th is  work, RBS 
was used to provide an independent measurement of the 
thicknesses of the gold films on the quartz reson ators , to  
provide an independent measure of ion doses, and to measure 
the composition and thickness of the oxygen implanted 
s i l ic o n  n itr id e  film s.
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1 . 5 . 1  Mass D e t e r m i n a t i o n
Rutherford b ack scatterin g  (RBS) is  the b ackscattering  
of incident high energy (1 to 2 MeV) l ig h t  ions (H* or He*) 
re su ltin g  from e l a s t i c  c o l l is io n s  with ta rg e t  atoms. 
Consider f i r s t  c o l l is io n s  with atoms at the su rface . The 
p rob ab ility  of in te ra c tio n  (the cross  section ) is  re la te d  
to the atomic numbers of the ta rg e t  and incident ion,  and 
the energy of the incident beam. The energy of the 
p a r t ic le s  sca tte re d  from the surface is  E = KEQ (49)
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where K=
M, + M2
fo r  a 180 s ca tte r in g  angle and
Eq i s  the incident ion energy. Mj is  the mass of the 
incoming ion and Mg is  the mass of the ta rg e t  atom. For a
sca tte r in g  angle of 0g,
M
K = --------   r
(Mj + M2) 4
2 „  2 1/2 2
M2 ! cos 0„ + I — -  -  sin 0
Mi
. ( 5 0 )
Therefore, for a fixed d e te c to r  p ositio n , the energy of the 
sca tte re d  ion depends on the mass of the struck atom for  
events a t  the ta r g e t  su rface .
1*5.2 Depth Determination
Let us now look a t  sca tte r in g  events from ta rg e t  atoms 
below the su rface . As the incident ion passes through the 
ta rg e t  i t  loses energy through e le c tro n ic  stopping so th at  
i t s  energy when an e l a s t i c  s ca tte r in g  event occurs is  
reduced by an amount determined by the stopping power. The 
sca tte re d  ion loses  fu rth er energy, again determined by the 
stopping power, on i t s  return  path to the su rface . Using 
published values for the stopping powers (Z iegler  e t  a l , 
1985) allows c a lc u la tio n  of the depth of the s ca tte r in g
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event. The energy of the ions sca tte re d  from a depth x can 
be expressed as
0 x cos 61/cos 62
f S ( E ) d xE ( x ) = K Eo - S(E)dx (51)
0
where S(E) is  the stopping power, K and EQ are as defined 
above, and the angles are as defined in figure 1 . 3 .  For 
depths of 1 or 2 microns over which the stopping power is  
approximately constant with depth we have
E(x)  * K Eq -  x
cos 0
S(E0 ) K 4- S(E>-
C O S  01]
(52)
solving for x in microns with E and E„ in MeV and S(E) in
0MeV/(mg cm ) givei
x =
K E0 -  E(x)
cos 0
S(E0) K + S( E)
cos 0
1
10 p
(53)
Jwhere p is  the density of the ta rg e t  in gm/cm
1 . 5 . 3  Concentration Determination
The back s c a tte r in g  yield  from a depth *xJ , i s  
proportional to the area density of s c a tte r in g  cen tres  a t  
th at depth. Therefore, the number of backscattered  ions 
which can be re la te d  to s c a tte r in g  from a c e r ta in  type of 
atom a t  depth *x ’ , w ill  give a measure of the atomic 
concentration a t  th at depth. The Rutherford cross  se ctio n  
i s  simply re la ted  to Zj , Z2, the incident beam energy EQ and
the sca tte r in g  angle 0g by
Z1Z2
2
\ E. I sin4 <8s/ 2 )
( 5 4 )
When E i s  e x p r e s s e d  i n  MeV t h e  d i f f e r e n t i a l  c r o s s
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s e c t i o n  i s  g i v e n  b y
for p a r t i c le s  of mass Mj, charge Z^e s tr ik in g  ta rg e t  atoms 
of mass Mg, charge Zge where <a is  the so lid  angle of the  
d e te c to r .  The value of (do/dm) fo r  a p a r t ic u la r  
combination of Zj , Zg and EQ may th erefo re  be ca lcu la ted  with 
a high degree of accuracy fo r  a given s c a tte r in g  angle. A 
small co rre c tio n  (about 4% a t  lab oratory  s c a t te r in g  angles 
of 164°,  assuming the primary ion is  helium) should be 
applied to the d i f f e r e n t i a l  cross  sectio n  to allow for  
re c o i l  of the ta rg e t  atoms.
1 . 5 . 4  C o llection , P resen tation  and In te rp re ta tio n  of Data 
Backscattered ions are detected  by a s i l ic o n  surface  
b a rr ie r  d e te c to r  which produces a voltage pulse 
proportional to the energy of each incident ion reaching  
the d e te c to r .  A pulse height analyser d ig i t iz e s  the height 
of each pulse and logs the number of pulses occuring in 
each channel. Each channel represents a small band of 
energies re la t in g  to  the mass and depth of the sca tte r in g  
atom and the number of pulses occuring in a channel can be 
re la te d  to the con cen tration  of a s ca tte r in g  atom of known 
mass a t  a p a r t ic u la r  depth. Data is  presented grap h ically  
as a spectrum with energy channels on the horizontal axis  
and number of counts on the v e r t i c a l  a x is  as shown in 
figure 1 . 11 .  The system can be ca lib ra te d  using known 
samples or d i r e c t ly  from some p rio r  knowledge of the sample 
being measured. I f  the t o t a l  incident ion dose is  known,
then absolute concentration  can be measured. For simple 
ta rg e ts  with only 1 or 2 known co n stitu e n ts , in te rp re ta tio n  
of the sp ectra  is  r e l a t i v e ly  easy. A widely used technique 
for in te rp re ta tio n  of sp e ctra  i s  to generate th e o re t ic a l  
sp e ctra  of l ik e ly  solutions and compare them with the 
spectrum of the sample. The sub traction  of the spectrum of 
known key con stitu en ts  is  used to  id en tify  t ra c e  or unknown 
c o n stitu e n ts . The technique ca lle d  simulated annealing 
(SA) because of i t s  analogy with annealing of c r y s ta l l in e  
m aterials  has recen tly  been adapted to "solve" complex RBS 
sp e ctra  (Barradas e t  a l , 1997) .  With only a knowledge of 
the con stitu en ts  p resen t, the algorithm generates a large  
number of possible con cen tration  p ro f i le  combinations and
compares the resu ltin g  sp ectra  with the sample spectrum.
0
Each comparison generates a % (chi-squared) value 
representing a weighted distan ce  between the proposed 
solution  and the sample data . As solutions are generated  
which produce lower values of %, the search space is  
narrowed slowly to find b e t te r  and b e tte r  f i t s  to the data.  
Because of the large number of solutions generated, the 
re s u lt  is  usually a b e t te r  f i t  than what would gen erally  be 
accepted as a good f i t  using human generated possible  
solu tio n s .
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Figure 1.11
RBS spectrum of a gold film on a quartz su b stra te .
2. INITIAL EXPERIMENTAL WORK
2.1  THE EFFECTS OF PHYSICAL CHANGES ON QUARTZ RESONATORS
2 . 1 . 1  I n i t i a l  In vestigation s
The f i r s t  approach to the problem of compensating for  
the temperature e f f e c ts  on the resonant frequency of the 
quartz resonators was to t r y  to  find a measurable parameter 
of the quartz resonators which was independent of 
temperature but which had some predictable  response to  
changes in mass and s t r e s s .  The temperature dependence of 
the bandwidth of a quartz resonator used as a transm ission  
f i l t e r  was explored for AT-cut and BT-cut reson ators. The 
experimental setup and i n i t i a l  measurements are shown in 
figure 2 . 1 .  The radio frequency generator, frequency 
counter and o scillo scop e were standard laboratory  
instruments. A "10XM probe was used on the oscillo scop e to  
minimise cap acitiv e  loading of the c i r c u i t .  I t  was found 
th at the bandwidth under sp ecified  conditions did not 
change with temperature as shown in figure 2 . 2 .  The 
bandwidth was, however, a ffe cte d  by s tra y  capacitance as 
shown in figure 2 , 3 .  This could be a s ig n if ica n t  problem 
in ap p lication s where the resonators are to be placed in a 
high vacuum environment where the resonators might be some 
d istance from the o s c i l l a t o r  c i r c u i t s .  One side of each 
resonator was then coated with a 900 A film of gold and the 
bandwidths remeasured as shown in figure 2 . 4 .  The 
bandwidth of the AT-cut resonator increased from 1500 Hz to  
1725 Hz corresponding to a change in resonant frequency of 
14040 Hz. The bandwidth of the BT-cut resonator increased
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Figure2.1 Circuit tor measurement of resonator bandwidths.
F i g u r e  2 . 1  B a n d w i d t h  M e a s u r e m e n t
A T - and B T -c u t  w ith  measurement c i r c u i t
CTnousanclsD 
Frequency CfeHzj)
□  B T -c u t  +  A T -c u t
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from 414 Hz to 583 Hz corresponding to a change in resonant 
frequency of 9491 Hz. Because of the shape and lo catio n  of 
the gold film deposited, some of th is  change could have 
been due to  a change in capacitance between the e le c tro d e s .  
Further in v e stig a tio n  of th is  e f f e c t  would require  
estab lish in g  the l i n e a r i t y  of the change in bandwidth with 
change in mass and the independence of the bandwidth from 
s tr e s s  e f f e c t s .  These measurements were made on only one 
resonator of each cry s ta llo g ra p h ic  cut so i t  would be 
necessary to  e s ta b lish  the spread of bandwidths for several  
u nits  of each cut before coming to any conclusions about 
the usefulness of th is  technique. I f  the above conditions  
could be estab lish ed  and the frequency versus temperature 
c h a r a c t e r i s t i c s  of the two resonators are known, i t  should 
be possible to determine the changes in mass, s t r e s s  and
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temperature from the changes in resonant frequency and 
bandwidth of the two reson ators . The accuracy of th is  
method would be lim ited by the small change in bandwidth 
being used to compensate a much la rg e r  change in resonant 
frequency. In l ig h t  of the possible lim ita tio n s  of th is  
method, fu rth er in v estig atio n  was not continued as 
in v estig atio n  of the three resonator system seemed more 
promising.
2 . 1 . 2  The Three Resonator System
The use of three resonators to compensate for both 
s tr e s s  and temperature was o r ig in a l ly  proposed by EerNisse. 
(EerNisse, 1975) The idea of developing the three  
resonator system occurred while reading about the 
p rop erties  of SC-cut quartz reson ators , (B a lla to ,  1977 and 
B rice , 1985) The SC-cut is  a doubly ro tated  cut developed 
to minimise s t r e s s  e f f e c ts  and hence to  make resonators  
which were not a ffecte d  by s tre s s e s  in the mounting 
s tru c tu re s  or by v ib ra tio n . A fu rth er advantage was 
minimisation of frequency changes caused by temperature 
gradients during periods of rapid temperature change. The 
p rop erties  which were p a r t ic u la r ly  in te re s tin g  were: (1)
The s tr e s s  c o e f f ic ie n t  approaches zero and (2) The change 
of frequency with temperature is  sim ilar to the AT-cut 
resonators but the in f le c t io n  point is  a t  approximately 90°C 
instead of 40°C. These p rop erties  suggested th at the SC-cut 
resonator would be a good choice as the th ird  resonator in 
a three resonator system to  measure mass, s tr e s s  and 
temperature over an extended temperature range.
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A summary of the important physical constants of AT- 
cu t, BT-cut and SC-cut resonators is  shown in tab le  2 . 1 .  
The mass constants give a mass s e n s i t iv i ty  of approximately
_0 9
2*10 gm cm Hz for 5 MHz reson ators . For gold film s,
th is  is  approximately 10 Hz/A change in film  thickness.
The s tr e s s  constants give a s tr e s s  s e n s i t iv i ty  of
0 _1
approximately 2*10 dynes cm Hz for 5 MHz reson ators .
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Resonator Mass Constant S tress . Constant Temp. Char.
( kHz mm) ( cm2/dyne)
AT-cut 1664 2 .75*10"12 cubic
BT-cut 2549 - 2 . 6 5* 10  quadratic
SC-cut 1800 approx. zero cubic
Table 2 .1  Physical Constants of Resonators
Measurement of the frequency versus temperature 
c h a r a c t e r i s t i c s  of several resonators of each 
cry sta llo g rap h ic  cut indicated  th at there are s ig n if ic a n t  
d ifferen ces  between resonators of the same c u t .  This was 
e sp e c ia lly  n oticab le  with the BT-cut resonators where some 
resonators had a turning point a t  around 20°C and others a t  
around 50°C as shown in figure 2 . 5a .  The main d ifferen ce  
between d iffe re n t  SC-cut resonators was the value of the 
l in e a r  term (c o e f f ic ie n t  F in equation 58) of the equation  
of frequency as a function of temperature as shown in 
figure 2. 5b.  For AT-cut resonators the c o e ff ic ie n t  of the 
cubic term (c o e f f ic ie n t  A in equation 56) in the equation  
of frequency as a function of temperature varied  n oticab ly  
between resonators as shown in figure 2 . 5 c .
I t  was also  noticed th a t  some resonators did not
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always return  to  the same frequency following a temperature  
run from ambient to around 90°C and back to  ambient but when 
l e f t  a t  ambient for several days without being otherwise 
disturbed would return to  th e ir  orig in al frequency. This 
was more n oticab le  with the AT-cut resonators and was most 
l ik e ly  to be caused by s t r e s s  buildup during the run. 
There is  also  a p o s s ib ilty  th a t  the e f f e c t  was caused by 
moisture absorption in the electrod e film as measurements 
were taken in a i r .
2 . 2  THE EFFECTS OF OSCILLATOR CIRCUITRY
In order to obtain frequency versus temperature data  
on re a l  samples of AT-cut, BT-cut and SC-cut reson ators , a 
small temperature con trolled  chamber was b u il t  for use 
between ambient temperature and 100°C. Work was a lso  done
to develop an o s c i l l a t o r  c i r c u i t  which operated re l ia b ly  
and repeatably with a l l  three c ry sta llo g rap h ic  cuts of 
resonators and which did not require any retuning for  
d iffe re n t  frequency reson ators . This was done to assure  
th at frequency change information would not be a ffected  by 
the o s c i l l a t o r  c i r c u i t .  Some d if f i c u l ty  was encountered 
with SC-cut resonators o s c i l la t in g  in the b-mode instead of 
the c-mode. Both modes are quasi-shear modes and the 
a c t i v i t y  of the two modes is  nearly the same. The undesired 
b-mode frequency is  about 10% higher than the desired c -  
mode frequency. I t  is  possible e x c i te  both modes
simultaneously. The b-mode temperature c h a r a c t e r i s t i c  is  
nearly l in e a r  with a slope of -25ppm/°C. (Bottom, 1982 p. 
228) Some resonators refused to  o s c i l l a t e  in the c-mode a t  
some temperatures. This was i n i t i a l l y  overcome by 
experimenting with the o s c i l l a t o r  c i r c u i t  as suggestions  
for guarding against operation in the b-mode are in 
opposition to  the requirement of minimum o s c i l l a t o r  c i r c u i t  
e f f e c t  on operating frequency. I t  was l a t e r  found th at  
adding a p a r a l le l  tuned c i r c u i t  tuned to  the b-mode 
frequency in s e r ie s  with the resonator to  a c t  as a trap  
allowed a l l  of the SC-cut resonators to  work re l ia b ly  
through the required temperature range.
Another requirement of the o s c i l l a t o r  c i r c u i t r y  was th at  
they be iso la ted  from the frequency measurement c i r c u i t r y  
to allow curren t c o l le c t io n  during ion bombardment for dose 
measurement. The f in a l  o s c i l l a t o r  c i r c u i t  i s  shown in 
figure 2 . 6 .
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Because the c i r c u i t  was to be used with the resonators  
in a vacuum chamber, the c i r c u i t s  were te s te d  with about 30 
cm of lead between the resonators and the o s c i l l a t o r  
c i r c u i t s  to t e s t  the e f f e c t  of lead spacing and p osition  on 
frequency. I n i t i a l l y ,  the frequency s h if ts  were of the 
order of hundreds of hertz  when lead spacing and p osition  
were changed. I t  was found th at placing a 10 pF cap acito r  
at the resonator end of the lead in s e r ie s  with the 
resonator reduced the changes to the order of tens of 
h ertz . I t  was a lso  found th at the reduction of s tra y  shunt 
capacitance on the resonator improved the rep ro d u cib ility
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Figure 2.6 Oscillator circuit -  with isolation
of the shape of the temperature c h a r a c t e r i s t i c s  of the  
reson ators. The change in shape of the temperature 
c h a r a c te r i s t i c s  of AT-cut and SC-cut resonators are shown 
in figures 2 .7  and 2 . 8 .  The change was minimal with the 
BT-cut reson ators . With some reson ators, there were areas  
of the frequency versus temperature curve where there was 
s ig n if ica n t  deviation from the usual smooth quadratic or 
cubic shape when the resonators were loo sely  coupled to  the 
o s c i l l a t o r  c i r c u i t  through a short length of cable . As 
these may be a function of absolute frequency rath er than 
an anomaly in the temperature c h a r a c t e r i s t i c ,  they could be 
a source of e rro r  a t  s p e c if ic  points during an experiment 
where the frequency is  changing due to changes in mass or  
s t r e s s .  The trap  added to the SC-cut o s c i l l a t o r  to  prevent 
b-mode o s c i l la t i o n  also  improved th is  problem so i t  is
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F i g u r e  2 . 7
Te m p erature  £ Degrees C£J 
□  w ith  1Efc)f c a p a c ito r  +  w ith o u t c a p a c fto r
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F i g u r e  2 . 8
SC5 Te rrp e ra tu re  C h a r a c te r is t ic
T e m p e r a t u r e  £ D e g r e s s  q  
o  w ith  1Dpf c a p a c ito r  +  w ith o u t c a p a c ito r
l ik e ly  th a t  the problem was caused by b-mode in terferen ce  
with c-mode operation .
Another fa c to r  which could a f f e c t  the accuracy of 
re s u lts  is  the drive lev el of the reson ator. (Bottom, 1982,  
p220) The o s c i l l a t o r  c i r c u i t s  were designed to  have a low 
gain and coupling to the resonator was kept to  the lowest 
value which was co n sis ten t with re l ia b le  o s c i l l a t i o n .  I t  
was l a t e r  found th a t  the gain was too low to support 
o s c i l la t io n  of some BT-cut resonators following deposition  
of th ick er (> 3000A) gold film s. Increasing the gain
solved the problem.
2 .3  THE MATHEMATICAL PROBLEM
A study of the p rop erties  of SC-cut quartz resonators  
(B a lla to ,  1977 and B rice , 1985) revealed the following
zero, and (2) The change of frequency with temperature is  
sim ilar to the AT-cut resonators but the in f le c t io n  point 
i s  a t  approximatly 90°C instead of 40°C* These p roperties  
suggested th at the SC-cut resonator would be a good choice  
as the th ird  resonator in a three reson ator system to  
measure mass, s t r e s s  and temperature over an extended
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u s e f u l  p r o p e r t i e s :  ( 1 )  The s t r e s s  c o e f f i c i e n t  a p p r o a c h e s
F i g u r e  2 . 9  T e m p e r a t u r e  C h a r a c t e r  i s t  i c s
Degrees C
□  A T -c u t  +  S C -c u t  0  B T -c u t
temperature range. The measured temperature e f f e c ts  for a 
s e t  of commercially availab le  AT, BT, and SC cut resonators  
i s  shown in Figure 2 . 9 .  These were the f i r s t  s e t  of 
resonators used for algorithm development and the f i r s t  
experimental work. The system of equations representing  
the three resonators i s :
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(56)
(57)
(58)
These equations are l in e a r  in AM and AS and non-linear in
temperature w ill be a continuous function so th at a 
reasonable estim ate of temperature w ill  always be the 
temperature a t  the l a s t  sample in te rv a l .  The solution  is  
i t e r a t i v e  u n til  the estimated temperature matches the 
calcu la ted  temperature to  some predetermined maximum e rr o r ,  
usually ± 1°C. Convergence usually occurs in le s s  than four 
i te ra t io n s  for each data p oin t. Uncorrected d ifferen ces  in 
mass change produce an unphysical temperature p ro f i le  and 
eventually a fa i lu re  to converge. A temperature p ro f i le  
which is  co n sis tan t with the implantation conditions and 
convergence throughout an experiment are in d ica tiv e  of a 
well configured system and good data but the s tr e s s  change 
information is  e a s ily  masked by d ifferen ces  in mass change 
between the reson ators . The order of solution is  based on 
the estimated temperature so th at an unambiguous solution  
for temperature w ill  always r e s u lt .  This is  accomplished 
by not solving for temperature using an equation which is  
near i t s  turning p oin t. A flow ch art for the solution  
algorithm is  shown in Figure 2 . 10 .  This solution algorithm  
depends on choosing the resonators so th at the turning  
point of the BT-cut resonator occurs a t  a lower temperature 
than the turning point of the SC-cut reson ator. The curves 
fo r  the resonator s e ts  chosen for the second and th ird
T. The solution algorithm u t i l iz e s  the f a c t  th at
experiments are shown in figures 2.11 and 2 . 1 2 .  In the 
f in a l  version of the program, the equation of the SC-cut 
resonator is  approximated by a quadratic with no l in e a r  
term while i t  is  being used to solve for temperature a t  
temperatures below the turning point. The more exact cubic 
equation is  used to solve for mass at higher temperatures  
where the BT-cut equation is  being used to  solve for  
tem perature.
A t e s t  data se t was produced using data from a ty p ica l  
sputtering yield  run (Chereckdjian, 1984) with a 
superimposed exponential temperature r is e  to  represent  
sample heating by rad ia tio n  during the run. This data se t  
was used to v e r ify  the convergence of the solution  
algorithm.
An analysis  of the various constants fo r the system 
estab lish es  the p o te n tia l  accuracy of the system.
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asat for 1 Hz change = 1 .7  X 103 dynes/cm
Asbt for 1 Hz change = - 2 . 9  X 103 dynes/cm
AM AT for 1 Hz change = - 1 . 2  X 10“8 gm/cm2
ambt for 1 Hz change = - 2 . 0  X 10"8 gm/cm2
^Msc for 1 Hz change = - 1 . 9  X 10"8 gm/cm2
For gold film s:
Af^ = 156 Hz/nm 
AfgT = 95 Hz/nm
Afgg = 102 Hz/nm 
For temperature matching and convergence to  0.5°C, p o ten tia l  
accuracy is  of the order of ±3 X 10* dynes/cm and for gold 
films ±0.1nm. This is  based on a maximum temperature slope
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Start React f a t  , f 8T , f sc
ET = last CT
----------
Using ET. solve | 
Q]& [2] for A M & A s j
YES
Salve (3] for CT
Using ET, solve 
|T] & [3] for /\M  8c /\S
Solve [2] for CT
E T  = E T  -i 0 . 3 ( C T - E T ) Display Results
M I AT-cut equation E  BT-cut equation E  SC -  cut equation 
ET -  Estimated Temperature CT -  Calculated Temperature
Figure 2.10 Flow chart for the solution algorithm.
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F i g u r e  2 . 1 1  T e m p e r a t u r e  C h a r a c t e r l s t i c s
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F i g u r e  2 . 1 2  T e m p e r a t u r e  C h a r a c t e r i s t i c s
T h ir d  s e t  o f  re s o n a to rs
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of 20 Hz/°C between 20°C and 80°C. At temperatures near 40°C 
the accuracy could be b e t te r  by a fa c to r  of 5 or more while 
at  temperatures above 100°C or below 0°C the accuracy would 
be lim ited by the temperature slope and the matching of the 
temperatures of the three reson ators.
A problem a r is e s  with the accuracy of the l a t e r a l  
s tr e s s  measurements i f  d ifferen ces  in the su rfaces  of the 
three resonators cause the mass change to be d iffe re n t  on 
the three reson ators. A l a t e r  experiment used RBS to  
quantify the d ifferen ces  in mass change allowing 
compensation and th erefo re  improved accuracy in the l a t e r a l  
s tr e s s  measurements.
2 .4  SOFTWARE DEVELOPMENT
I n i t i a l  software fo r  te s tin g  the algorithms was 
w ritten  in BASIC which was good for in te ra c t iv e  debugging 
and quickly try ing d iffe re n t  approaches. Considerable time 
was spent trying to make the BASIC programs in te r a c t  
through DOS in re a l  time with the frequency counter  
connected to the RS 232 p o rt .  The rea l  time programs were 
then rew ritten  in C and compiled using a TURBO C compiler. 
Program l i s t i n g s  are included in the appendices.
The functions required of the rea l  time program are as 
follow s:
1. Control timing of readings.
2. Provide the con tro l ch ara cters  fo r the frequency
cou nter.
3. Read i n i t i a l  frequencies and ambient temperature to
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p r o v i d e  an a u t o m a t i c  z e r o i n g  f u n c t i o n  t o  com p en sa te  
f o r  any c h a n g e s  in  f r e q u e n c y  due t o  r e a rra n g m e n t  o f  
r e s o n a t o r  l e a d s  o r  s h o r t  term  e x p o s u r e  o f  r e s o n a t o r s  
t o  e x p e r im e n t a l  c o n d i t i o n s  d u r in g  s e t - u p .
4 .  P r o c e s s  d a t a  r e t u r n i n g  fro m  th e  f r e q u e n c y  c o u n t e r  
i n t o :
a )  raw d a t a  v a l u e s  f o r  d i s p l a y  and s t o r a g e  on 
d i s c ,
b )  c a l c u l a t e d  r e s u l t s  f o r  p r i n t i n g .
S t o r a g e  o f  t h e  raw d a t a  r a t h e r  th a n  t h e  c a l c u l a t e d  
r e s u l t s  a l l o w s  f o r  r e c o v e r y  o f  d a t a  i n  t h e  c a s e  w here th e  
r e a l  t im e  p rogram  c a n n o t  c o p e  w ith  t h e  d a t a  b e in g  
g e n e r a t e d .  T h is  p r o v e d  t o  be  v a l u a b l e  d u r in g  th e  
c a l i b r a t i o n  run  when i t  was fo u n d  t h a t  t h e  s p u t t e r  y i e l d  on 
one  o f  th e  r e s o n a t o r s  was l o w e r  th a n  on t h e  o t h e r  two and 
t h a t  t h e  sam ple  i n t e r v a l  w h ich  was o r i g i n a l l y  c h o s e n  a s  1 
m in u te  p r o v e d  t o  be  t o o  l o n g  t o  h a n d le  r a p i d  ch a n g e s  in  
t e m p e r a t u r e .  By a n a l y s i n g  t h e  raw d a t a  i t  was fo u n d  t h a t  
c h a n g in g  one c o n s t a n t  i n  t h e  program  and i n s e r t i n g  
i n t e r p o l a t e d  d a t a  w here  t h e  t e m p e r a tu r e  was c h a n g in g  
r a p i d l y  a l l o w e d  t h e  d a t a  c o l l e c t e d  d u r in g  an a l l  d ay  run on 
t h e  a c c e l e r a t o r  t o  g i v e  u s e f u l  r e s u l t s .
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3 . EXPERIMENTAL APPARATUS AND PROCEDURE
3 .1  DESCRIPTION OF EQUIPMENT
3 . 1 . 1  The F re q u e n cy  M easurem ent and Data L o g g in g  System  
The im p o r ta n t  f e a t u r e s  o f  th e  o s c i l l a t o r  c i r c u i t s
shown i n  f i g u r e  2 .6  a r e  t h a t  t h e  c i r c u i t s  a r e  i s o l a t e d  from  
t h e  f r e q u e n c y  c o u n t e r  t o  a l l o w  c h a r g e  c o l l e c t i o n  and 
c u r r e n t  m o n i t o r in g  and t h a t  t h e y  a r e  d e s ig n e d  t o  have a 
minimum e f f e c t  on th e  o s c i l l a t i n g  f r e q u e n c y  o f  t h e  
r e s o n a t o r s .  T h is  i s  d e s c r i b e d  in  more d e t a i l  i n  th e  
s e c t i o n  on c i r c u i t  e f f e c t s .  I t  i s  n e c e s s a r y  t o  i n s u r e  t h a t  
t h e  r e s o n a t o r s  a r e  w ir e d  so  t h a t  t h e  e l e c t r o d e  r e c e i v i n g  
c h a r g e  has a c u r r e n t  p a t h  t o  t h e  c h a r g e  m o n i t o r .
The f r e q u e n c y  c o u n t e r  i s  a m i c r o p r o c e s s o r  b a s e d  u n i t  
w i th  a f o u r  c h a n n e l  in p u t  m u l t i p l e x e r .  A l l  c o n t r o l  
f u n c t i o n s  and r e s u l t s  a r e  t r a n s m i t t e d  v i a  an RS232 
i n t e r f a c e  making i t  e a s y  t o  i n t e g r a t e  t h e  c o u n t e r  w i t h  a 
p e r s o n a l  com p u ter  ru n n in g  r e a l - t i m e  p r o g r a m s .  A b l o c k  
d iagram  o f  t h e  f r e q u e n c y  c o u n t e r  i s  shown i n  f i g u r e  3 . 1 .  
The in p u t  c o m p a r a to r s  c o n v e r t  t h e  in p u t  s i n e  wave s i g n a l s  
o f  a rou n d  300 mV i n t o  TTL c o m p a t ib l e  l o g i c  l e v e l s .  The 
d i g i t a l  m u l t i p l e x e r ,  u n d e r  c o n t r o l  o f  t h e  m i c r o p r o c e s s o r ,  
th e n  s e l e c t s  one  o f  t h e  s i g n a l s  f o r  p r e s e n t a t i o n  t o  th e  
program m able  c o u n t e r .  Two f o u r  d i g i t  c o u n t e r s  a r e
c o n n e c t e d  i n  tandem g i v i n g  8 d i g i t s  o f  r e s o l u t i o n .  The 
t h i r d  c o u n t e r  i s  programmed as  a t im e r  w h ich  p r o v i d e s  an 
a c c u r a t e  1 s e c o n d  g a t e  f o r  t h e  in p u t  s i g n a l .  A s i n g l e  
ASCII c h a r a c t e r  s e n t  t o  t h e  c o u n t e r  i n i t i a t e s  a r e a d in g  
from  a p a r t i c u l a r  c h a n n e l .  The r e s p o n s e  i s  a s t r i n g  o f
5 8
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Figure 3.1. 4 Channel P rogram m able  Frequency Counter
ASCII c h a r a c t e r s  i d e n t i f y i n g  t h e  c h a n n e l ,  f r e q u e n c y  and
u n i t s .  The r e a l  t im e  PC p ro g ra m  c o n v e r t s  t h e  c h a r a c t e r
s t r i n g  i n t o  a number r e p r e s e n t i n g  th e  f r e q u e n c y  i n  H e r t z .
The f i n a l  c a l i b r a t i o n  was d one  u s i n g  a l a b o r a t o r y  f r e q u e n c y
5c o u n t e r  w h ich  had a s p e c i f i e d  a c c u r a c y  o f  1 p a r t  i n  10 
a f t e r  1 y e a r .  T h is  w o u ld  mean t h a t  t h e  a b s o l u t e  a c c u r a c y  
o f  t h e  f r e q u e n c y  m easurem en ts  c a n n o t  be  g u a r a n te e d  t o  be  
b e t t e r  th an  ±50 Hz a t  5 MHz. S t a b i l i t y  was c h e c k e d  b o t h  
f o r  warm-up d r i f t  and s h i f t s  d u r in g  o p e r a t i o n  in  a norm al 
l a b  e n v ir o n m e n t .  Warm-up d r i f t  was a rou n d  20 Hz a t  5 MHz 
d u r in g  th e  f i r s t  two h o u r s  a f t e r  a  c o l d  s t a r t .  T h e r e a f t e r ,  
r e a d in g s  w ere s t a b l e  w i t h i n  ±2 Hz o v e r  s e v e r a l  h o u r s .  
S in c e  t h e  d u r a t i o n  o f  a n orm al e x p e r im e n t  i s  no l o n g e r  th an  
8 h o u rs  and th e  i n f o r m a t i o n  o f  i n t e r e s t  i s  f r e q u e n c y  ch an ge  
r a t h e r  th an  a b s o l u t e  f r e q u e n c y ,  t h e  e r r o r s  i n t r o d u c e d  by
t h e  f r e q u e n c y  c o u n t e r  s h o u ld  be no more th a n  a few  h e r t z  
p r o v i d e d  t h e  c o u n t e r  i s  a l l o w e d  t o  warm up f o r  a t  l e a s t  2 
h o u r s  b e f o r e  s t a r t i n g  an e x p e r im e n t .
T em p era tu re  m easurem ents  w ere  made u s in g  a t h e r m i s t o r  
p r o b e  w i t h  a s p e c i f i e d  a c c u r a c y  o f  ±0.2°C  b e tw e e n  0°C and 
70°C. C i r c u i t r y  was d e v e l o p e d  t o  p r e s e n t  t e m p e r a tu r e  
i n f o r m a t i o n  as  a f r e q u e n c y  t o  t h e  f o u r t h  c h a n n e l  o f  t h e  
f r e q u e n c y  c o u n t e r  a l l o w i n g  a u to m a t io n  o f  a l l  m easu rem en ts .  
F ig u r e  3 .2  shows t h e  t e m p e r a tu r e  t o  f r e q u e n c y  c o n v e r s i o n  
c i r c u i t .  The f r e q u e n c y  o f  o s c i l l a t i o n  i s  1 /4R C . The 
t h e r m i s t o r  r e s i s t a n c e  i s  a p p r o x im a t e ly  p r o p o r t i o n a l  t o  1 /T  
o v e r  a l i m i t e d  ra n g e  so  c h o o s i n g  a p p r o p r i a t e  v a l u e s  f o r  Rj
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Figure 3.2. Temperature to Frequency Converter
and C| g i v e s  a n e a r l y  l i n e a r  r e l a t i o n s h i p  b e tw e e n  
te m p e r a tu r e  and f r e q u e n c y  b e tw e e n  20°C and 90°C as  shown in  
f i g u r e  3 . 3 .  The o v e r a l l  a c c u r a c y  o f  t h e  t e m p e r a tu r e  
m easurem ents i s  ±3°C b e tw e e n  20°C and 100°C. F o r  e x p e r im e n t s  
i n v o l v i n g  t e m p e r a tu r e s  b e tw e e n  100°C and 150°C a two segm ent 
p i e c e w i s e  l i n e a r  a p p r o x im a t io n  c o r r e c t i o n  i s  a p p l i e d  t o  th e  
raw te m p e r a tu r e  r e a d i n g s  k e e p in g  t h e  a c c u r a c y  w i t h i n  ±4°C up 
t o  150°C.
The r e a l  t im e  p rogram  i n  t h e  p e r s o n a l  com p u ter  r e a d s  
th e  f r e q u e n c y  d a t a  from  t h e  t h r e e  r e s o n a t o r s  e v e r y  30 
s e c o n d s ,  d i s p l a y s  t h e  f r e q u e n c y  d a t a  on  t h e  s c r e e n ,  
c a l c u l a t e s  and p r i n t s  t h e  mass c h a n g e ,  s t r e s s  ch an ge  and 
t e m p e r a tu r e ,  and s t o r e s  t h e  f r e q u e n c y  d a t a  on d i s c  f o r  
f u r t h e r  p r o c e s s i n g  by  d a t a  p r e s e n t a t i o n  s o f t w a r e .  A d a t a  
l o g g i n g  p rogram  can  a l s o  be u s e d  t o  d i s p l a y  and s t o r e  th e
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f r e q u e n c y  d a t a  w i t h o u t  d o in g  any c a l c u l a t i o n s .  T h is  i s  
p a r t i c u l a r l y  u s e f u l  w here t h e r e  a re  p r o b le m s  w i t h  
c o n v e r g e n c e  due t o ,  f o r  e x a m p le ,  d i f f e r e n c e s  in  s p u t t e r i n g  
y i e l d s  b e tw een  t h e  t h r e e  r e s o n a t o r s  as n o t e d  in  th e  r e s u l t s  
s e c t i o n .
3 . 1 . 2  The I m p la n te r s
3 . 1 . 2 . 1  The 500 keV Im p la n te r
The 500 keV i m p la n t e r  i s  a lo w  beam c u r r e n t  im p la n t e r  
u s in g  p o s t  a c c e l e r a t i o n  mass a n a l y s i s  w h ich  g i v e s  v e r y  go o d  
mass r e s o l u t i o n .  The l a y o u t  o f  t h e  im p la n t e r  i s  shown in  
f i g u r e  3 . 4 .  A l l  i o n s  e x t r a c t e d  from  t h e  s o u r c e  a r e  
a c c e l e r a t e d  b e f o r e  mass s e l e c t i o n  and th e n  o n l y  t h o s e  o f
6 2
Figure The 500 kV Post-Analysis Ion Implanter, illustrating (A) The 
Cold Penning Source, (B) The magnet field coils to assist in confining the 
plasma, (C) After the aperture an Einzel lens system, consisting of two ex­
traction plates at common voltages, and an adjustable focusing lens in the 
centre, (D) The acceleration tube, (E) Following the Beam Profiler a set 
of quadrapoles, (F) A  90° mass analysing magnet, (G) A Beam Profiler and 
mass resolving slits, (H) X /Y  Scanning and neutral offset followed by a Fara­
day Cup, and (I) Target chamber with sample.
i n t e r e s t  a r e  a l l o w e d  p a s t  t h e  90° m agn et. T h is  p r o v i d e s  
v e r y  g o o d  mass s e p a r a t i o n  b e c a u s e  th e  i o n s  p a s s  t h r o u g h  t h e  
magnet a t  h ig h  e n e r g y  and h e n c e  t h e  d i f f e r e n c e  i n  bend  
r a d i i  b e tw een  a d ja c e n t  s p e c i e s  o r  i s o t o p e s  i s  r e l a t i v e l y  
l a r g e .  An exam ple  o f  t h e  r e s o l u t i o n  c a p a b i l i t y  was s e e n  
when im p la n t in g  Sbg m o l e c u l e s  a t  100 k e V . The mass s p e c tru m  
ta k e n  when s e t t i n g  up t h e  im p la n t e r  f o r  th e  e x p e r im e n t  
showed t h r e e  s e p a r a t e l y  i d e n t i f i a b l e  p e a k s  a t  m asses  242 , 
244 and 246 r e p r e s e n t i n g  Sb<> m o l e c u l e s  c o n s i s t i n g  o f  two 
mass 121 a tom s, a mass 121 and a mass 123 atom , and two 
mass 123 atom s r e s p e c t i v e l y .  B e ca u se  mass s e p a r a t i o n  i s  
done a t  h ig h  e n e r g y ,  a l a r g e  magnet i s  r e q u i r e d .  In  t h e  
a b o v e  e x a m p le ,  t h e  magnet c u r r e n t  was n e a r  t h e  maximum 
a v a i l a b l e  b e c a u s e  o f  t h e  h ig h  m o l e c u l a r  m ass. I  w ou ld  have 
l i k e d  t o  e x t e n d  t h e  a n t im on y  e x p e r im e n t s  t o  i n c l u d e  Sbj 
m o l e c u l e s  a t  150 keV b u t  t h i s  was bey on d  t h e  c a p a b i l i t y  o f  
m agnet. I t  m igh t  have b e e n  j u s t  p o s s i b l e  t o  a c h i e v e  an Sb3 
beam a t  90 keV b u t  t h e n  th e  l o w e r  e n e r g y  l i m i t  o f  a round  40 
keV w ou ld  n o t  a l l o w  a c h i e v i n g  a 30 keV Sb beam f o r  
c o m p a r is o n .  The sam ple  cham ber i s  pumped by a d i f f u s i o n  
pump and i s  a l s o  e q u ip p e d  w i t h  a l i q u i d  n i t r o g e n  c o l d
f i n g e r  w h ich  t o g e t h e r  a l l o w  i m p l a n t a t i o n  t o  b e  done a t  a
-fivacuum l e v e l  o f  arou n d  10 ' t o r r .  B e ca u se  o f  th e  lo w  beam 
c u r r e n t  c a p a b i l i t y  o f  t h i s  im p la n t e r ,  m ost o f  th e  
e x p e r im e n t s  r e q u i r e d  beam t im e  o f  th e  o r d e r  o f  a few  h o u r s  
t o  a c h i e v e  t h e  r e q u i r e d  d o s e .
3 . 1 . 2 . 2  The D a n fv s ik  Im p la n te r
The D a n fy s ik  im p la n t e r  has  a n o m in a l  e n e r g y  ran ge  o f
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5 keV t o  200 keV, I t  i s  a h ig h  c u r r e n t  im p la n t e r  c a p a b l e  
o f  i o n  t a r g e t  c u r r e n t s  up t o  10 mA. A l a y o u t  d ia gra m  f o r  
th e  im p la n t e r  i s  shown i n  f i g u r e  3 . 5 .  In  o r d e r  t o  a c h i e v e  
go o d  c o n t r o l  o f  t h e  beam shape  a t  h ig h  beam c u r r e n t s  and 
low  e n e r g i e s ,  t h e  beam f o c u s i n g  i s  done w ith  a m a g n e t ic  
q u a d r u p o le  t r i p l e t  l e n s .
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F ig u r e  3 .5
S c h e m a t ic  l a y o u t  o f  t h e  D a n fy s ik  im p la n t e r .
The d e c i s i o n  t o  u s e  t h e  D a n fy s ik  im p la n t e r  f o r  t h e  
l a t e r  Sb e x p e r im e n t s  was b e c a u s e  o f  th e  beam c u r r e n t  and 
dynam ic ra n g e  l i m i t a t i o n s  o f  th e  500 keV i m p la n t e r  
m e n t io n e d  a b o v e .
3 . 1 . 2 . 3  The P lasm a Im m ersion  Io n  Im p la n te r
O th e r  w o rk e r s  i n  t h e  d e p a r tm e n t  have  d e v e l o p e d  an 
e x p e r im e n t a l  p lasm a im m e rs io n  i o n  i m p la n t e r  (K a z o r  e t - a l ,  
1 9 9 4 ) .  The a p p l i c a t i o n  o f  t h i s  im p la n t e r  i s  e n v i s a g e d  as  
b e in g  i n  th e  f o r m a t i o n  o f  e l e c t r i c a l l y  u s e f u l  m a t e r i a l s  on 
l a r g e  s u b s t r a t e s  f o r  u s e  i n  l a r g e  a r e a  d i s p l a y s .  F ig u r e  
3 .6  shows th e  s c h e m a t i c  d ia g ra m  o f  t h e  p lasm a  im m ers ion  
im p la n t e r .  The m ain co m p o n e n ts  o f  t h e  s y s te m  a r e  a 
m agn etron , a q u a r t z  w indow , a p lasm a  cham ber , a perm anent 
magnet a s s e m b ly  and a w a fe r  h o l d e r .  The w a fe r  h o l d e r  i s  
p u ls e d  a t  a 50Hz r a t e  w i t h  n e g a t i v e  p u l s e s  o f  up t o  5kV 
w ith  a p u l s e  w id t h  b e tw e e n  5p s  and 2 0 p s .
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F ig u r e  3 .6
S ch e m a t ic  d iagram  o f  t h e  P I I I  s y s te m . (K a z o r  e t - a l ,  1980)
D uring t h e  p u l s e  a p o s i t i v e  i o n  s h e a t h  i s  fo rm ed  b e tw een  
th e  p lasm a and t h e  sam ple  h o l d e r .  The i o n s  i n  th e  s h e a th  
a re  im p la n te d  i n t o  t h e  sam ple  w i t h  a d i s t r i b u t i o n  o f
e n e r g i e s  and a n g l e s  due t o  c o l l i s i o n s  w i t h  n e u t r a l s  in  th e  
s h e a t h  r e g i o n .  D u rin g  t h e  p u l s e  o f f - t i m e ,  t h e  sam ple  
h o l d e r  i s  a t  e a r t h  p o t e n t i a l  and t h e  p lasm a n e u t r a l i s e s  any 
c h a r g e  b u i l d - u p  on th e  s u r f a c e  o f  a n o n - c o n d u c t i n g  sam p le .
I t  was th o u g h t  t h a t  f u r t h e r  i n f o r m a t i o n  c o u l d  be 
g a in e d  a b o u t  th e  c o m p o s i t i o n  o f  am orphous s i l i c o n  n i t r i d e  
f i l m s  from  d a t a  on  th e  ch a n g e s  in  mass and s t r e s s  d u r in g  
h ig h  d o s e  im p la n t s  o f  o x y g e n  w h ich  w ou ld  h e lp  in
c h a r a c t e r i s i n g  t h e  p r o c e s s e s .  A s im p le  e x p e r im e n t  was 
d e v i s e d  t o  d e m o n s t r a te  t h e  f e a s i b i l i t y  o f  o p e r a t i n g  th e  
q u a r t z  r e s o n a t o r s  in  t h e  p lasm a  e n v ir o n m e n t .  The
e x p e r im e n t  c o n s i s t e d  o f  t h e  f o l l o w i n g  s t e p s :
1 . C h oose  a s e t  o f  r e s o n a t o r s  and o b t a i n  a c c u r a t e  
f r e q u e n c y  t e m p e r a tu r e  d a t a .
2 . D e p o s i t  a b o u t  1000A o f  am orphous s i l i c o n  n i t r i d e  
f i l m  on  one  s u r f a c e  o f  e a c h  o f  th e  r e s o n a t o r s .
3 . M easure t h e  t h i c k n e s s  and r e f r a c t i v e  in d e x  by
e l l i p s o m e t r y  and c h a r a c t e r i s e  t h e  f i l m s  by  RBS.
4 . Im p la n t  t h e  sa m p le s  i n  th e  p lasm a  im m ersion
17 -2im p la n t e r  w i t h  a b o u t  10 i o n s  cm o f  C>2 w h i le
m o n i t o r in g  t h e  f r e q u e n c i e s  o f  o s c i l l a t i o n  o f  th e
r e s o n a t o r s .
5 . R e p e a t  t h e  t h i c k n e s s ,  r e f r a c t i v e  in d e x  and RBS 
m e a su re m e n ts .
The g o a l  o f  t h i s  e x p e r im e n t  was t o  u se  t h e  mass ch an ge  
i n f o r m a t i o n  from  t h e  r e s o n a t o r  m easurem ents  i n  c o n j u n c t i o n  
w ith  t h e  t h i c k n e s s  and r e f r a c t i v e  in d e x  m easurem ents made
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by  e l l i p s o m e t r y  t o  d e te r m in e  t h e  f i l m  d e n s i t y  and h e n ce  th e  
c o m p o s i t i o n  u s in g  L o r e n t z - L o r e n z  c o r r e l a t i o n  c u r v e s  
r e l a t i n g  d e n s i t y ,  r e f r a c t i v e  in d e x  and s i l i c o n - n i t r o g e n  
r a t i o  a s  shown i n  f i g u r e  3 .7  and co m p a r in g  t h e  d a t a  w ith  
RBS m ea su re m e n ts .
F ig u r e  3 .7
T y p i c a l  L o r e n t z - L o r e n z  c o r r e l a t i o n  c u r v e s  f o r  PECVD s i l i c o n  
n i t r i d e .  (E nom oto , 1980)
3 . 1 . 3  The RBS M easurem ent System
The RBS m easurem ent sy s te m  u s e s  a 2MeV Van de G r a a f f
g e n e r a t o r  t o  p r o d u c e  a n o m in a l  1 .5  MeV beam. The beam
i s  d i r e c t e d  down a b e a m l in e ,  shown in  f i g u r e  3 . 8 ,  and
p a s s e s  t h r o u g h  a p a i r  o f  s l i t s .  The s l i t  s i g n a l  o b t a i n e d  
i s  u s e d  t o  p r o v i d e  f e e d b a c k  i n f o r m a t i o n  on e n e r g y  and
p o s i t i o n ,  w h ich  i n  t u r n  h e l p s  t o  p r o v i d e  e n e r g y  
s t a b i l i s a t i o n  and c o n t r o l  w i t h i n  1 k eV . Two a p e r t u r e s  a r e  
u sed  i n  t h e  b e a m lin e  t o  r e d u c e  t h e  beam s p o t  down t o
J.4
2J0 2.2 2.4 2.6 2.8 3.0 3.2
DENSITY (g/cm3)
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Figure The RBS experimental arrangement showing the beamline, and 
including (A) The Van de Graaff generator, (B) The electrostatic beam po­
sition adjustment and Beam Profiler, (C) Slits used to provide a feedback on 
the beam position to (B) and energy, (D) Adjustable 3 mm aperture between 
quart viewers, (E) Electrostatic plates for further beam position adjustment, 
with additional X-plates to provide a beam offset, (F) Final 1mm diame­
ter aperature and viewer to observe beam prior to entry in to (G) the end 
chamber containing the sample to be measured and (H) the detector.
a p p r o x im a t e ly  1 mm i n  d ia m e t e r .  S e v e r a l  e l e c t r o s t a t i c
p l a t e s  a r e  p r e s e n t  t o  e n s u r e  t h e  beam r e a c h e s  th e  t a r g e t
2+cham ber and t o  p r o v i d e  an o f f s e t  t o  rem ove 0 .
W ith in  t h e  t a r g e t  ch am ber , th e  sa m p les  a r e  mounted on 
a co m p u te r  c o n t r o l l e d  g o n io m e t e r ,  w h ich  o f f e r s  l a t e r a l ,  
r o t a t i o n a l  and t i l t  movements w ith  r e f e r e n c e  t o  th e  
i n c i d e n t  beam. The cham ber and b e a m lin e  a r e  t y p i c a l l y  
u n d er  vacuum t o  a p r e s s u r e  o f  a b o u t  10 t o r r .
The beam c u r r e n t  i s  m easured  d i r e c t l y  u s in g  a c u r r e n t  
i n t e g r a t o r  c o n n e c t e d  t o  th e  sa m p le .  To r e d u c e  th e  e f f e c t  
o f  s e c o n d a r y  e l e c t r o n s ,  th e  sam ple  i s  e l e v a t e d  t o  a
sy s te m  s o  t h a t  i t  c o u l d  be  f e d  t o  a c o m p u te r ,  t h e  o u t p u t  o f  
t h e  c u r r e n t  i n t e g r a t o r  i s  c o n n e c t e d  t o  a c o u n t e r  w h ich  has 
an RS 232 l i n k  w i t h  t h e  com p u ter  p r o v i d i n g  c o n t r o l  o f  
c o u n t e r  f u n c t i o n s  and r e a d in g  o f  c o u n t e r  d a t a .
3 . 1 . 4  The T h in  F ilm  D e p o s i t i o n  Equipm ent
3 . 1 . 4 . 1  The E v a p o r a t o r
The g o l d  f i l m s  w ere  d e p o s i t e d  o n t o  t h e  r e s o n a t o r s
u s in g  a g e n e r a l  p u r p o s e  e v a p o r a t o r .  The e v a p o r a t o r
c o n s i s t s  o f  a vacuum cham ber c o m p r i s in g  a b a s e  u n d er  w h ich
i s  m ounted a d i f f u s i o n  pump. The f i l a m e n t  m ou n tin g s  and 
sam ple  h o l d e r  a r e  m ounted a b o v e  t h e  b a s e .  The c o v e r  i s  a 
b e l l  j a r  w h ich  a l l o w s  v ie w in g  o f  t h e  e v a p o r a t i o n  p r o c e s s .  
Pure g o l d  w i r e  was w rapped  arou n d  a s p i r a l  f i l a m e n t  w h ich  
was th e n  a t t a c h e d  t o  s c r e w  t e r m i n a l s  on t h e  b a s e .  The 
l e n g t h  o f  g o l d  w i r e  was c a l c u l a t e d  t o  g i v e  t h e  d e s i r e d  
t h i c k n e s s  f i l m  w h ich  was n o t  c r i t i c a l  s o  i t  was u n n e c e s s a r y
t o  m o n i t o r  t h e  f i l m  t h i c k n e s s  d u r in g  e v a p o r a t i o n .  The
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vacuum was pumped down t o  a b o u t  10 t o r r  b e f o r e  a p p ly in g  
c u r r e n t  t o  t h e  f i l a m e n t  t o  e v a p o r a t e  th e  g o l d  w i r e .  The 
c u r r e n t  i s  s l o w l y  i n c r e a s e d  u n t i l  th e  g o l d  s t a r t s  t o  m e lt  
and th e n  m o n i t o r e d  v i s u a l l y  u n t i l  a l l  t h e  g o l d  i s  
e v a p o r a t e d  from  t h e  f i l a m e n t .
3 . 1 . 4 . 2  The PECVD System
R a d io  f r e q u e n c y  (RF) p lasm a enh an ced  c h e m ic a l  v a p o u r  
d e p o s i t i o n  (PECVD) i s  a p r o c e s s  t h a t  i s  r o u t i n e l y  u s e d  in  
th e  m i c r o - e l e c t r o n i c s  i n d u s t r y  t o  d e p o s i t  v a r i o u s  t y p e s  o f  
t h i n  f i l m s ,  ( e . g .  s i l i c o n  d i o x i d e ,  s i l i c o n  n i t r i d e )
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p o t e n t i a l  o f  200 V. To c o n v e r t  th e  c h a r g e  c o l l e c t i o n
e s p e c i a l l y  a s  t h e  ’ g a t e  o x i d e ’ i n  m e ta l  o x i d e  s e m ic o n d u c t o r  
(MOS) d e v i c e s .  S m all q u a n t i t i e s  o f  g a s e s  su ch  as  SiH^, NHj, 
He, A r ,  CH ,^ N2, N20 e t c . ,  a r e  f e d  i n t o  t h e  p lasm a  cham ber 
t h a t  i s  h e l d  u n d er  vacuum , w i t h  a maximum o f  t h r e e  g a s e s  
f e d  i n  a t  on e  t im e .  T h ere  i s  an i n b u i l t  l e a k  d e t e c t o r  
mechanism  b e f o r e  e a c h  p r o c e s s i n g  s t e p .  The m ix o f  g a s e s  i s  
b r o k e n  up i n t o  i o n i s e d  s p e c i e s  and r a d i c a l s  by  th e  
a p p l i c a t i o n  o f  a 1 3 .5 6  MHz RF pow er  s u p p ly  c o u p l e d  i n t o  t h e  
sy s te m  v i a  p a r a l l e l  p l a t e  e l e c t r o d e s .  The r e q u i r e d  i o n  
s p e c i e s  a r e  t h e n  a c c e l e r a t e d  to w a rd s  t h e  s u b s t r a t e s  p l a c e d  
on  t h e  b o t to m  e l e c t r o d e  by  a s m a l l  d c  s e l f  b i a s  in  t h e  
sys tem  w here t h e y  r e a c t  w i t h  e a c h  o t h e r  and t h e  sam ple  t o  
form  t h e  f i l m .  The t h i c k n e s s  o f  t h e  f i l m s  p r o d u c e d  i s  o f  
t h e  o r d e r  o f  50 t o  100 nm. In  c h e m ic a l  v a p o u r  d e p o s i t i o n  
(CVD) t h e  s u b s t r a t e  must be  h e a t e d  t o  arou n d  1000°C in  o r d e r  
f o r  th e  c h e m ic a l  r e a c t i o n s  t o  o c c u r .  A m a jo r  a d v a n ta g e  o f  
PECVD i s  t h a t  b e c a u s e  t h e  RF e n e r g y  in  t h e  p lasm a  i o n i s e s  
t h e  r e a c t a n t s , t h e  s u b s t r a t e  ca n  be k e p t  down t o  around  
300°C .
3 . 1 . 5  The E l l i p s o m e t e r
E l l i p s o m e t r y  i s  t h e  d e t e r m i n a t i o n  o f  c e r t a i n  p h y s i c a l  
p r o p e r t i e s  o f  a s u r f a c e  from  m easurem ents o f  t h e  e f f e c t  o f  
r e f l e c t i o n  on t h e  s t a t e  o f  p o l a r i s a t i o n  o f  p o l a r i s e d  l i g h t .  
The s t a t e  o f  p o l a r i s a t i o n  i s  d e s c r i b e d  by  t h e  r e l a t i v e  
a m p l i t u d e s ,  A, and p h a s e  d i f f e r e n c e ,  13, o f  t h e  P and S 
w a ves ,  th e  com p on en ts  w i t h  th e  e l e c t r i c  v e c t o r s  in  th e  
p la n e  o f  i n c i d e n c e  and p e r p e n d i c u l a r  t o  i t  r e s p e c t i v e l y .
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The ch an g e  in  t h e  s t a t e  o f  p o l a r i s a t i o n  d ep en d s  on t h e
c o m p le x  r e f r a c t i v e  in d e x  o f  t h e  r e f l e c t i n g  s u r f a c e  and t h e  
a n g le  o f  i n c i d e n c e .  The p r e s e n c e  o f  a t h i n  f i l m  on  th e  
s u r f a c e  a l l o w s  m u l t i p l e  r e f l e c t i o n s  t o  o c c u r .  T h is  
c o m p l i c a t e s  t h e  m a th e m a t ic s ,  b u t  f o r  r o u t i n e  u s e  s o l u t i o n s  
have b een  com puted  f o r  s p e c i f i c  c o n d i t i o n s .  We m easure
A = (ftp -  fis ) reflected ~ (ftp ~ ftS>incident* ( 5 9 ^
w h ich  i s  th e  ch an ge  i n  p h a s e ,  and
Y = t a n 1 [ (Ap/As ) reflecfced/ (A p /A s) incide!lt] , ( 6 0 )
w h ich  i s  th e  a r c  t a n g e n t  o f  t h e  a m p l i tu d e  c h a n g e ,  and from
t h e s e  v a lu e s  th e  r e f r a c t i v e  i n d e x ,  n ,  and t h e  t h i c k n e s s ,  d ,
o f  th e  s u r f a c e  f i l m  ca n  be  d e t e r m in e d .
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F ig u r e  3 .9  
L a you t  o f  th e  e l l i p s o m e t e r .
The l a y o u t  o f  t h e  e l l i p s o m e t e r  i s  shown i n  f i g u r e  3 . 9 .  
The l a s e r  o u t p u t  i s  l i n e a r l y  p o l a r i s e d .  The A./4 p l a t e  
c o n v e r t s  i t  t o  c i r c u l a r  p o l a r i s a t i o n  from  w h ich  th e  
p o l a r i s e r  can  s e l e c t  a l i n e a r l y  p o l a r i s e d  beam a t  any a n g le
d e s i r e d .  The c o m p e n s a t o r ,  w h ich  i s  j u s t  a n o t h e r  A./4 p l a t e ,  
c o n v e r t s  i t  t o  b e in g  e l l i p t i c a l l y  p o l a r i s e d .  D epen din g  on 
th e  a n g le s  o f  t h e  p o l a r i s e r  and c o m p e n s a to r ,  th e  a n g le  and 
r a t i o  o f  t h e  m a jo r  and m in or  a x e s  o f  th e  e l l i p s e  can  be 
c h o s e n  a t  w i l l .  In  p r a c t i c e ,  t h e  c o m p e n s a to r  i s  k e p t  a t  45° 
and th e  p o s i t i o n s  o f  t h e  p o l a r i s e r  and a n a l y s e r  a r e  fou n d  
su ch  t h a t  t h e  e l l i p t i c i t y  o f  t h e  i n c i d e n t  beam e x a c t l y  
c o m p e n sa te s  f o r  t h a t  p r o d u c e d  by  r e f l e c t i o n ,  and a n u l l  
r e a d in g  o c c u r s  a t  t h e  p h o t o d e t e c t o r .  The s e t s  o f  a n g le s  o f  
th e  p o l a r i s e r  and a n a l y s e r  w here  t h e s e  n u l l  r e a d i n g s  o c c u r  
a l l o w  c a l c u l a t i o n  o f  A and Y and h en ce  v a l u e s  o f  n and d .
3 .2  EXPERIMENTAL PROCEDURES
3 . 2 . 1  P r e p a r a t i o n  o f  R e s o n a t o r s
A s m a ll  t e m p e r a tu r e  c o n t r o l l e d  cham ber was b u i l t  w h ich  
a l l o w s  t e m p e r a tu r e  c o n t r o l  b e tw e e n  am bien t t e m p e r a tu r e  and 
100°C. The h e a t e d  cham ber i s  a c a r d b o a r d  tu b e  a b o u t  3 cm in  
d ia m e t e r .  T h is  tu b e  i s  s u r ro u n d e d  by  a l a y e r  o f  c o p p e r  
s h e e t  w h ich  i s  i n  th e r m a l  c o n t a c t  w i th  t h r e e  11 w a t t  pow er 
r e s i s t o r s .  T h ese  a r e  th e n  s u r ro u n d e d  w i t h  s e v e r a l  l a y e r s  
o f  th e rm a l i n s u l a t i o n  t o  m in im is e  h e a t  l o s s .  F re q u e n cy  as  
a f u n c t i o n  o f  t e m p e r a tu r e  d a t a  was ta k e n  on  s e v e r a l  
r e s o n a t o r s  o f  e a ch  c r y s t a l l o g r a p h i c  c u t .  T h is  was done 
w ith  s e v e r a l  c o n f i g u r a t i o n s  o f  o s c i l l a t o r  c i r c u i t r y  u n t i l  
a c o n f i g u r a t i o n  w h ich  p r o d u c e d  r e p r o d u c i b l e  r e s u l t s  was 
f o u n d .  (S e e  s e c t i o n  2 . 2 )  S e t s  o f  r e s o n a t o r s  w ere c h o s e n  as 
d e s c r i b e d  i n  s e c t i o n  2 . 3 .  A s e t  o f  f r e q u e n c y  v e r s u s  
t e m p e r a tu r e  d a ta  i s  t h e n  ta k e n  on a c h o s e n  s e t  o f
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r e s o n a t o r s  as  a s t a r t i n g  d a t a  s e t  f o r  t h e  e x p e r im e n t .  The 
f r e q u e n c y  v e r s u s  t e m p e r a tu r e  c o e f f i c i e n t s  f o r  th e  t h r e e  
r e s o n a t o r s  a r e  d e te r m in e d  b y  p l o t t i n g  th e  f r e q u e n c y  v e r s u s  
t e m p e r a tu r e  d a ta  and t h e  r e s u l t s  o f  a m a th e m a t ic a l  m odel o f  
t h e  f r e q u e n c y  v e r s u s  t e m p e ra tu re  c h a r a c t e r i s t i c s  on  th e  
same s c r e e n  p l o t  and t h e n  v i s u a l l y  a d j u s t i n g  t h e  
c o e f f i c i e n t s  u n t i l  a g o o d  m atch i s  f o u n d .  T h is  p r o c e s s  
c o u l d  be p e r fo r m e d  u s in g  a l e a s t  s q u a r e s  f i t t i n g  a l g o r i t h m  
w i t h o u t  e v e r  l o o k i n g  a t  t h e  d a t a  b u t  s e e i n g  t h e  d a t a  and 
i d e n t i f y i n g  bad d a t a  p o i n t s  o r  p o o r  d a t a  due t o  r e s o n a t o r s  
e i t h e r  c h a n g in g  modes o r  c e a s i n g  t o  o s c i l l a t e  o r  t o  p o o r  
p la c e m e n t  o f  t h e  t e m p e r a tu r e  s e n s o r  i s  a u s e f u l  s t e p  i n  th e  
v a l i d a t i o n  p r o c e s s  f o r  a s e t  o f  r e s o n a t o r s .
The r e s o n a t o r s  a r e  t h e n  c l e a n e d  i n  warm t o l u e n e  
f o l l o w e d  by  r i n s e s  i n  m eth a n o l and AR m e th a n o l  and b low  
d r i e d  w i t h  d r y  n i t r o g e n .  The g o l d  f i l m  i s  t h e n  e v a p o r a t e d  
o n t o  a 9 mm d ia m e t e r  s p o t  c o v e r i n g  one  e l e c t r o d e  o f  e a c h  
r e s o n a t o r .  The t e m p e r a tu r e  v e r s u s  f r e q u e n c y  d a t a  i s  th e n  
r e t a k e n  t o  v e r i f y  t h a t  t h e  shape  o f  th e  c h a r a c t e r i s t i c  has  
n o t  ch an ged  and t h a t  a l l  t h e  r e s o n a t o r s  s t i l l  o s c i l l a t e  
r e l i a b l y .
3 . 2 . 2  M ounting  o f  R e s o n a t o r s
The e x p e r im e n t a l  a p p a r a tu s  c o n s i s t s  o f  t h e  t h r e e  
r e s o n a t o r s  m ounted a s  shown i n  f i g u r e  3 . 1 0 ,  t h r e e  i d e n t i c a l  
o s c i l l a t o r  c i r c u i t s  w i th  o u t p u t  i s o l a t i o n  t o  a l l o w  c u r r e n t  
m o n i t o r in g  shown i n  f i g u r e  2 . 6 , a program m able  f r e q u e n c y  
c o u n t e r  d e s c r i b e d  i n  s e c t i o n  3 . 1 . 1  and a p e r s o n a l  c o m p u te r .  
R e f e r r i n g  t o  f i g u r e  3 . 1 0 ,  t h e  im p o r ta n t  f a c t o r s  i n  m ounting
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Figure 3.10. Experimental Set -  up
t h e  t h r e e  r e s o n a t o r s  a r e  t h a t  t h e  i o n  f l u x  i s  u n i fo r m  o v e r  
th e  t h r e e  r e s o n a t o r s  and t h a t  th e  t h r e e  r e s o n a t o r s  a r e  
e x p o s e d  t o  t h e  same t e m p e r a tu r e  e n v ir o n m e n t .  The
r e s o n a t o r s  a r e  m ounted i n  a row as  c l o s e  t o g e t h e r  as  
p o s s i b l e .  T h ere  a r e  t h r e e  i d e n t i c a l  c i r c u l a r  a p e r t u r e s  in  
f r o n t  o f  t h e  r e s o n a t o r s  t o  l i m i t  th e  e x p o s e d  a r e a  t o  t h e  
a c t i v e  a r e a  p l u s  50%. An e l e c t r o d e  i s  p l a c e d  b e tw een  t h e  
a p e r t u r e s  and th e  r e s o n a t o r s  t o  w h ich  a n e g a t i v e  p o t e n t i a l  
i s  a p p l i e d  t o  s u p p r e s s  s e c o n d a r y  e l e c t r o n  e f f e c t s .  The 
beam i s  r a s t e r  s ca n n e d  o v e r  an a r e a  a l i t t l e  g r e a t e r  th a n  
th e  a r e a  r e q u i r e d  t o  c o v e r  t h e  t h r e e  a p e r t u r e s  t o  i n s u r e  a 
u n i fo r m  d o s e  on t h e  t h r e e  r e s o n a t o r s .
3 . 2 . 3  Dose M easurem ent
F or  i m p l a n t a t i o n s  u s i n g  t h e  500 keV a c c e l e r a t o r ,
c h a r g e  was c o l l e c t e d  from  t h e  e x p o s e d  e l e c t r o d e  o f  t h e  
r e s o n a t o r s  u s in g  th e  c u r r e n t  i n t e g r a t o r  w h ich  i s  n o r m a l ly  
u s e d  w i t h  t h a t  m a ch in e .  The s ta n d a r d  s e c o n d a r y  e l e c t r o n  
s u p p r e s s i o n  a rra n g em en t  was a l s o  u s e d .  F or  t h e
i m p l a n t a t i o n  u s in g  t h e  D a n fy s ik  a c c e l e r a t o r ,  t h e  s ta n d a r d  
d o s e  m easurem ent s y s te m  f o r  t h a t  m achine was u s e d .  T h is  
c o n s i s t s  o f  f o u r  F a ra da y  cu p s  a t  t h e  e d g e s  o f  th e
m easurem ent a r e a .  The beam s ca n n in g  i s  s e t  up s o  t h a t  th e  
f o u r  cu p s  r e c e i v e  a p p r o x im a t e ly  th e  same c u r r e n t  a s s u r i n g  
t h a t  th e  sam ple  a r e a  r e c e i v e s  a u n i fo r m  d o s e .  F or  t h e  
l a t e r  e x p e r im e n t s ,  w here  RBS was u s e d ,  d o s e  was a l s o  
m easured  by  RBS m easurem ent o f  a s i l i c o n  sam ple  p l a c e d  i n  
b e tw een  two o f  t h e  r e s o n a t o r s  d u r in g  i m p l a n t a t i o n .
3 . 2 . 4  H a n d lin g  o f  R e s u l t s
D u rin g  i m p l a n t a t i o n ,  f r e q u e n c y  d a t a  was ta k e n  a t  30 
s e c o n d  i n t e r v a l s  on a l l  t h r e e  r e s o n a t o r s  and s t o r e d  by  t h e  
d a t a  l o g g i n g  p rogram . Charge and beam c u r r e n t  d a t a  was
a l s o  l o g g e d  m a n u a lly  d u r in g  e a c h  ru n . T h is  made i t
p o s s i b l e  t o  make c a l c u l a t i o n s  o f  in s t a n t a n e o u s  v a l u e s  o f  
s p u t t e r i n g  y i e l d  u s in g  beam c u r r e n t  and r a t e  o f  mass ch an ge  
d a ta  i n  a d d i t i o n  t o  t h e  a v e r a g e  s p u t t e r i n g  y i e l d  b a s e d  on 
t o t a l  mass ch an ge  and t o t a l  d o s e  d a t a .  A sam ple
c a l c u l a t i o n  f o r  t h e  in s t a n t a n e o u s  v a lu e  i s  as  f o l l o w s :  
T a r g e t  c u r r e n t  = 570 nA = 570 n C /s  = 3 4 .2  pC /m in .
D ose = 3 4 .2 * 1 0 "6/ 1 . 6 * 1 0 ' 19 = 2 .1 4 * 1 0 14 i o n s /m i n .
F or  a sam ple  a r e a  o f  1 .3  cm2,
Dose r a t e  = 2 . 14*1014/ 1 . 3 = 1 . 6 4 * 1 0 14 i o n s /m i n .  cm2.
Mass r a t e  = -6 .2 5 * 1 0 "^  g /m in .  cm2.
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F or  a g o l d  t a r g e t ,
6 .2 5 * 1 0 “?/ ( 1 9 7 ) ( 1 . 6 7 * 1 0 " 24) = 1 .9 * 1 0 15 a to m s /m in .  cm2 
S p u t t e r i n g  y i e l d  = 1 . 9 * 1 0 ^ / 1 •6 4*1 044 = 1 1 .6  a t o m s / i o n .
The f r e q u e n c y  d a t a  i s  f i r s t  c o n v e r t e d  i n t o  mass ch an ge  d a t a  
i g n o r i n g  s t r e s s  and t e m p e r a tu r e  e f f e c t s  t o  i d e n t i f y  l a r g e  
d i f f e r e n c e s  i n  s p u t t e r i n g  y i e l d  b e tw een  t h e  r e s o n a t o r s .  
The s p u t t e r i n g  y i e l d  f o r  t h e  S C -c u t  r e s o n a t o r s ,  w h ich  had 
a v i s i b l y  sm o o th e r  s u r f a c e ,  was s y s t e m a t i c a l l y  l o w e r  th a n  
f o r  th e  AT and BT c u t  r e s o n a t o r s .  A p p ly in g  a y i e l d  
c o r r e c t i o n  f a c t o r  t o  t h e  mass ch an ge  f o r  th e  S C -cu t  
r e s o n a t o r  a l l o w e d  th e  s o l u t i o n  a l g o r i t h m  t o  c o n v e r g e  g i v i n g  
a p h y s i c a l l y  p o s s i b l e  s o l u t i o n  f o r  t e m p e r a tu r e  and an 
e s t i m a t e  o f  t h e  l a t e r a l  s t r e s s  b e h a v i o u r .  A l a t e r  
e x p e r im e n t  q u a n t i f i e d  t h e  mass ch an ge  d i f f e r e n c e s  u s in g  RBS 
and h e n ce  im p rov ed  t h e  c o n f i d e n c e  i n  t h e  l a t e r a l  s t r e s s  
m easurem ents w h ich  c a n n o t  o t h e r w i s e  be  d i f f e r e n t i a t e d  from  
y i e l d  d i f f e r e n c e s  b e tw e e n  t h e  A T -c u t  and B T -c u t  r e s o n a t o r s .
The r e s u l t s  d a t a  f i l e  from  t h e  s o l u t i o n  a l g o r i t h m  i s  
t r a n s f e r r e d  i n t o  a s p r e a d s h e e t  p rogram  a l l o w i n g  
p r e s e n t a t i o n  o f  t h e  r e s u l t s  i n  g r a p h i c a l  fo rm a t  w ith  
a p p r o p r i a t e  t i t l e s  and l a b e l s .
RBS a n a l y s e s  w ere  made u s in g  a 1 .4 8 5  MeV 4He beam w ith  
a n om in a l s p o t  s i z e  o f  1mm. The RBS d e t e c t o r  was a t  a 165° 
s c a t t e r i n g  a n g l e .  The e n e r g y  was s t a b i l i s e d  u s in g  th e  
sy s tem  r e p o r t e d  p r e v i o u s l y  (J e y n e s  e t  a l . , 1 9 9 8 ) .  D ata  was 
ta k e n  a t  a s e r i e s  o f  p o i n t s  a lo n g  t h e  e l e c t r o d e s  on e a ch  
sam ple  a t  e a c h  s t a g e  o f  t h e  e x p e r im e n t  so  any n o n u n i f o r m i t y  
o f  t h e  f i l m  t h i c k n e s s e s  c o u l d  be  a v e r a g e d  o v e r  e a c h  sam ple
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a l l o w i n g  c o m p a r is o n  w i t h  t h e  r e s o n a t o r  f r e q u e n c y  d a t a  w h ich  
i s  p r o p o r t i o n a l  t o  t h e  a v e r a g e  change i n  mass o v e r  t h e  
e l e c t r o d e  a r e a .  The e n e r g y  t h i c k n e s s  was th u s  d e te r m in e d  
t o  an a c c u r a c y  o f  a b o u t  1.3%  g i v i n g  a f i n a l  e r r o r  i n  t h e  
s p u t t e r e d  f i l m  t h i c k n e s s  d e t e r m i n a t i o n  o f  t y p i c a l l y  0,7nm  
u s in g  a j o i n e d  h a l f - G a u s s i a n  f i t t i n g  o f  th e  d i f f e r e n t i a t e d  
e d g e s  a s  d e s c r i b e d  in  (K im ber and J e y n e s ,  1 9 8 7 ) .  N u m e r ica l
i n t e g r a t i o n  w i t h  s ta n d a r d  s t o p p i n g  pow ers  ( Z i e g l e r  e t  a l . ,
0
1985 ) was u s e d  t o  c o n v e r t  e n e r g y  t h i c k n e s s  t o  g /c m  , F i lm  
t h i c k n e s s  was d e t e r m in e d  in  c h a n n e ls  f i r s t ,  w here  t h e  Au 
ed g e  was d e t e r m in e d  w i t h  a p r e c i s i o n  o f  b e t t e r  th a n  2*10  * 
f o r  e a c h  o f  t h e  t h r e e  a n a l y s i s  d a t e s .  U sing  a f i x e d  o f f s e t  
and t h e  ( v e r y  w e l l  d e t e r m in e d )  Au ed ge  t o  o b t a i n  th e  e n e r g y
_3
c a l i b r a t i o n  g i v e s  a g a i n  v a lu e  w i t h i n  2*10 o f  t h e  v a l u e  
o b t a i n e d  from  a l i n e a r  r e g r e s s i o n  on O, S i ,  and Au e d g e s  
( w i t h  t h e  beam s t r a d d l i n g  t h e  q u a r t z  and t h e  e l e c t r o d e ) .
The d o s e  was d e t e r m in e d  a b s o l u t e l y  fro m  a s i l i c o n  
sam ple  p l a c e d  i n  th e  same e n v iro n m e n t  u s in g  t h e  s im u la t e d  
a n n e a l in g  (SA) a l g o r i t h m  (B a r r a d a s  e t  a l . ,  199 7 ) and th e  
p i l e u p  c o r r e c t i o n  d e s c r i b e d  i n  (J e y n e s  e t  a l . , 1 9 9 7 ) .  N ote  
t h a t  th e  s i l i c o n  i s  a m o rp h ise d  and a s e l f - c o n s i s t e n t  f i t  
w i th  SA g i v e s  unam biguous answ ers  w i t h  an a c c u r a c y  
d e t e r m in e d  by s t a t i s t i c s ,  s t o p p in g  o f  s i l i c o n ,  and t h e  
in s t r u m e n t  c a l i b r a t i o n .  In  t h i s  c a s e  t h e  e r r o r  i s  
d om in a ted  by  t h e  s t o p p i n g  pow er  u n c e r t a i n t y ,  a b o u t  5%.
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4 .1  RESULTS FOR ARGON SPUTTERING OF GOLD
4 . 1 . 1  E x p er im en t  1
The r e s u l t s  from  s p u t t e r i n g  a g o l d  f i l m  w i t h  100 keV 
and 400 keV a rg o n  i o n s  a r e  shown i n  f i g u r e  4 . 1 .  D ata  was 
ta k e n  a t  one m inute  i n t e r v a l s .  The i o n  beam was i n i t i a l l y  
t u r n e d  on  and o f f  t w i c e  t o  show th e  e f f e c t  o f  r a d i a t i o n  on 
s t r e s s  and t e m p e r a t u r e .  The beam c u r r e n t  was ch an ged  
s e v e r a l  t im e s  t o  show t h e  e f f e c t  on t e m p e r a t u r e .  F i n a l l y  
t h e  beam e n e r g y  was ch a n g e d  from  100 keV t o  400 keV t o  show 
th e  e f f e c t  o f  a d d i t i o n a l  beam h e a t i n g  on  t h e  r a d i a t i o n  
in d u c e d  s t r e s s .  The r e l a t i o n s h i p  b e tw een  beam c u r r e n t ,  as  
i n d i c a t e d  by  r a t e  o f  mass c h a n g e ,  and t e m p e r a tu r e  r i s e ,  t h e  
r a d i a t i o n  in d u c e d  s t r e s s  c a u s e d  by  t e m p e r a tu r e  g r a d i e n t s  
and th e  b u i l d - u p  o f  s t r e s s  due t o  r a d i a t i o n  damage a r e
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4 .  EXPERIMENTAL RESULTS
F i g u r e  4 . 1  S p u t t e r i n g  o f  Au w i t h  A r .
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shown. I n i t i a l l y ,  t h e  s o l u t i o n  d id  n o t  c o n v e r g e  t o  a 
r e a l i s t i c  t e m p e r a tu r e  a f t e r  a few  m in u te s  o f  e x p o s u r e .  
T h is  a p p e a r s  t o  be c a u s e d  by  t h e  d i f f e r e n c e  i n  s u r f a c e  
r o u g h n e s s  b e tw een  t h e  S C -c u t  r e s o n a t o r  w h ich  was v i s u a l l y  
sm ooth  and t h e  A T -c u t  and B T -c u t  r e s o n a t o r s  w h ich  were 
v i s u a l l y  d u l l .  C o r r e c t i n g  f o r  t h e  d i f f e r e n c e  i n  s p u t t e r  
y i e l d  o f  th e  S C -c u t  r e s o n a t o r ,  a s  shown in  f i g u r e  4 . 2 ,  
p r o d u c e d  a c o n v e r g e n c e  i n d i c a t i n g  a t e m p e r a tu r e  c o n s i s t e n t  
w i t h  t h e  i m p l a n t a t i o n  c o n d i t i o n s .  The mass change  
c o r r e c t e d  f o r  s t r e s s  and t e m p e r a tu r e  as  a f u n c t i o n  o f  
i n c i d e n t  c h a r g e  i s  shown i n  f i g u r e  4 . 3 .  The c h a r g e  up t o
8 .3  m i l l i c o u l o m b s  was d e p o s i t e d  as  100 keV a r g o n  i o n s  and 
p r o d u c e d  a s p u t t e r  y i e l d  o f  1 1 .2  atom s p e r  i o n  on t h e  AT- 
c u t  and B T -c u t  r e s o n a t o r s  and a s p u t t e r  y i e l d  o f  8 .8  atoms 
p e r  i o n  on th e  S C -c u t  r e s o n a t o r .  The c h a r g e  a b o v e  8 .3
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F i g u r e  4 . 2  Y i e i d  D i f f e r e n c e s
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F i g u r e  4 . 3  Mass L o s s  v e r s u s  Dose .
C o rre c te d  f o r  s t r e s s  and te m p e ra tu re ,
Charge C1” ' 11 Ico u  I curbs}
m i l l i - c o u l o m b s  was d e p o s i t e d  as  400 keV a r g o n  i o n s  and 
p r o d u c e d  a s p u t t e r  y i e l d  o f  7 .3  atom s p e r  i o n  on th e  A T -c u t  
and B T -c u t  r e s o n a t o r s  and a s p u t t e r  y i e l d  o f  5 .7  atom s p e r  
i o n  on  th e  S C -c u t  r e s o n a t o r .  T h ese  v a l u e s  com pare  
r e a s o n a b l y  w e l l  w i th  t h e  v a l u e s  o f  1 1 .8  atom s p e r  i o n  a t  
100 keV and 6 .8  atom s p e r  i o n  a t  400 keV c a l c u l a t e d  by  t h e  
TRIM’ 89 s i m u l a t i o n  and t h e  v a l u e s  o f  10 t o  11 atom s p e r  i o n  
a t  100 keV r e p o r t e d  by  A n d e rse n  and Bay (A n d e rse n  and Bay, 
1 9 7 5 ) .
4 . 1 . 2  E x p er im en t  2
I t  was d e c i d e d  t o  r e p e a t  th e  g o l d  s p u t t e r i n g  
e x p e r im e n t  u s i n g  R u t h e r f o r d  B a c k s c a t t e r i n g  (RBS) t o  a l l o w  
v e r i f i c a t i o n  o f  th e  a p p a r e n t  d i f f e r e n c e s  i n  s p u t t e r i n g  
y i e l d  b e tw een  t h e  A T -c u t  and B T -c u t  r e s o n a t o r s  w h ich  have 
a ro u g h e n e d  s u r f a c e  and t h e  S C -c u t  r e s o n a t o r  w h ich  has a
sm o o th e r  s u r f a c e .  The sy s te m  o f  e q u a t i o n s  r e p r e s e n t i n g  th e  
t h r e e  r e s o n a t o r s  b e co m e s :
% =  f atT + %  AM + PAT As + A (T -T a)3 + B (T -T a) ( 6 1 )
f BT= f bBT + %  AM aBT + PBT AS + C (T -T b)2 + D (T -T b) ( 6 2 )
% =  A c  + %  AM aSC + E (T -T S)3 4 F (T -T S) ( 6 3 )
w here and a,gQ a r e  t h e  mass n o r m a l i s a t i o n  f a c t o r s  r e l a t i v e  
t o  t h e  mass ch an g e  on t h e  A T -c u t  r e s o n a t o r  w h ich  a r e  
d e t e r m in e d  by  RBS, The e q u a t i o n s  a r e  s o l v e d  as  d e s c r i b e d  
in  s e c t i o n  2 . 3 ,
The r e s u l t s  a r e  sum m arised  i n  T a b le  4 . 1 .  The 
e v a p o r a t e d  f i l m  t h i c k n e s s e s  d e te r m in e d  b y  RBS and th e  
q u a r t z  r e s o n a t o r s  (QR) a r e  d i r e c t l y  c o m p a r a b le .  They 
d i f f e r  by  a b o u t  3%, 8% and 0 .7%  f o r  t h e  AT, BT and SC c u t s  
r e s p e c t i v e l y ,  w i t h  t h e  RBS r e a d in g  s y s t e m a t i c a l l y  lo w .  The 
SC e l e c t r o d e  i s  v e r y  sm ooth  r e s u l t i n g  in  v e r y  r e l i a b l e  d a t a  
w i t h i n  th e  e s t im a t e d  e r r o r ,  b u t  t h e  BT i s  v e r y  r o u g h .  T h is  
g i v e s  a l a r g e  d i s t o r t i o n  (a  t a i l )  i n  t h e  RBS i n t e r f a c e  
s i g n a l  w h ich  w i l l  b i a s  t h e  m id p o in t  v a lu e  u s e d .  The AT c u t  
i s  o f  in t e r m e d i a t e  r o u g h n e s s .  Thus, t h e  RBS i s  i g n o r i n g  
t h e  t a i l  s i g n a l ,  u n d e r e s t i m a t i n g  th e  t h i c k n e s s .
L a rg e  s t r e s s e s  i n  t h e  d e p o s i t e d  f i l m s  ca n  be 
i d e n t i f i e d  and q u a n t i f i e d  by  t h e  same m ethod a s  u s e d  f o r  
t h e  s p u t t e r e d  f i l m s .  T h ere  i s  no c o n s i s t e n t  e v i d e n c e  in  
t h e  d a t a  f o r  t h e r e  b e in g  any q u a n t i f i a b l e  s t r e s s  i n  th e  
e v a p o r a t e d  f i l m s .  In  th e  s p u t t e r e d  f i l m s  h o w e v e r ,  t h e  i o n  
beam in d u c e s  s t r e s s e s  i n t o  t h e  f i l m s  w h ich  we w ish  t o  
m e a su re .  The t a b l e  shows QR t h i c k n e s s e s  assu m in g  no 
s t r e s s e s ,  RBS t h i c k n e s s e s  and h e n ce  s p u t t e r i n g  y i e l d s  f o r
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th e  t h r e e  r e s o n a t o r s  d e t e r m in e d  c o r r e c t l y  by  RBS e x c e p t  f o r  
th e  t a i l i n g  p r o b le m .  The QR v a lu e  f o r  t h e  SC r e s o n a t o r ,  
w h ich  i s  i n s e n s i t i v e  t o  s t r e s s ,  i s  c o r r e c t .  But t h e  AT and 
BT r e s o n a t o r s ,  w h ich  have a r o u g h ly  e q u a l  and o p p o s i t e  
s t r e s s  r e s p o n s e ,  g i v e  u n c o r r e c t e d  QR v a l u e s  5% b e lo w  and 
ab o v e  th e  RBS v a l u e s ,  r e s p e c t i v e l y .  T h is  i n t e r n a l  
c o n s i s t e n c y  i n  th e  d a t a  g i v e s  c o n f i d e n c e  t h a t  t h e  RBS 
s p u t t e r i n g  y i e l d  m easurem ents a r e  c o r r e c t ,  t h a t  t h e  im p la n t  
in d u c e s  th e  same s t r e s s  in  t h e  AT and BT r e s o n a t o r s  and 
t h a t  t h e  e v a p o r a t e d  f i l m s  a r e  e f f e c t i v e l y  u n s t r e s s e d .
F ig u r e  4 . 4  shows t h e  mass change  d u r in g  i m p l a n t a t i o n  
f o r  e a c h  r e s o n a t o r  u n c o r r e c t e d  f o r  s t r e s s  e f f e c t s .  The 
s i m i l a r i t y  b e tw een  th e  AT and BT c u t  r e s o n a t o r s  e m p h a s ise s  
t h a t  th e  l a t e r a l  s t r e s s  in d u c e d  by t h e  i m p l a n t a t i o n  i s  
m asking th e  s p u t t e r i n g  y i e l d  d i f f e r e n c e s  b e tw een  t h e s e
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F i g u r e  4 . 4
Y ie ld  d if fe re n c e s  between re s o n a to rs .
Time CMfnutee}
  AT   BT   SC
r e s o n a t o r s .
F ig u r e  4 . 5  shows a f u l l y  s e l f - c o n s i s t e n t  d e t e r m i n a t i o n  
o f  th e  i m p l a n t a t i o n  in d u c e d  s t r e s s  u s in g  t h e  mass l o s s  
v a l u e s  o b t a i n e d  from  RBS. The t e m p e r a tu r e  rem a in s
e s s e n t i a l l y  c o n s t a n t  d u r in g  t h i s  l o n g  i m p l a n t a t i o n .  The 
s t r e s s  b u i l d s  up l i n e a r l y  i n  th e  f i l m s  w i t h  d o s e ,  w i t h  an 
end v a lu e  o f  1 .4 * 1 0 -3 d y n e s /c m .  A 1.3%  ch an g e  i n  t h e
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F i g u r e  4 . 5  Mass and S t r e s s  Change.
3D
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r e l a t i v e  mass change  b e tw e e n  th e  AT c u t  and BT c u t  
r e s o n a t o r s  p r o d u c e s  a 15% ch an g e  i n  t h e  s t r e s s  ch an ge  
v a l u e .  S o l v i n g  f o r  s t r e s s  ch an ge  u s in g  t h e  u n c o r r e c t e d  
f r e q u e n c y  ch an ge  d a t a  from  t h e  AT and BT c u t  r e s o n a t o r s  
g i v e s  u n p h y s i c a l  t e n s i l e  s t r e s s e s  d e m o n s t r a t in g  t h e  
n e c e s s i t y  f o r  e n s u r in g  t h a t  t h e  d i f f e r e n c e s  i n  mass ch a n g e s  
have b een  ta k e n  i n t o  a c c o u n t .  Th ere  i s  b o t h  a t e m p e r a tu r e
and a s t r e s s  d ro p  i n  th e  f i l m  when th e  beam i s  s w i t c h e d  
o f f .  F ig u r e  4 .6  shows a s e t  o f  RBS s p e c t r a  f o r  t h e  f i l m  
t h i c k n e s s e s  on t h e  A T -c u t  r e s o n a t o r  f o r  t h e  r e s o n a t o r  
e l e c t r o d e  b e f o r e  d e p o s i t i o n ,  t h e  t o t a l  t h i c k n e s s  f o l l o w i n g  
d e p o s i t i o n  and t h e  t o t a l  t h i c k n e s s  a f t e r  s p u t t e r i n g .
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AT BT SC
E l e c t r o d e  T h ic k n e s s 2 7 6 . 9nm 1 5 8 . 2nm 1 7 1 . 9nm RBS
Evap. F i lm  T h ic k n e s s 1 5 8 . 4nm 1 7 9 . 3nm 1 6 6 . 4nm RBS
Evap. F i lm  T h ic k n e s s 1 6 2 . 7nm 1 9 4 . 4nm 1 6 7 . 6nm QR
S p u t t e r e d  F ilm 7 8 . 9nm 8 9 . 4nm 7 2 . Onm RBS
S p u t t e r e d  F ilm 8 3 . 3nm 8 5 . 4nm 7 1 . 6nm QR
S p u t t e r i n g  Y i e l d  
( a t o m s / i o n )
9 .5 2 1 0 .7 9 8 .6 9 RBS
T a b le  4 . 1 .  Summary o f  R e s u l t s .  Au f i l m  t h i c k n e s s e s  
f o r  t h e  t h r e e  r e s o n a t o r s  b e f o r e  and a f t e r  50keV Ar 
i m p l a n t a t i o n  w i t h  a f l u e n c e  o f  4 .9 * 1 0  /cm  .
C
ou
n
ts
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F ig u r e  4 .6
A s e t  o f  RBS s p e c t r a  f o r  t h e  A T -c u t  r e s o n a t o r  sh ow in g  
th e  t h i c k n e s s  o f  t h e  g o l d  e l e c t r o d e  b e f o r e  d e p o s i t i o n  
o f  th e  added  g o l d  f i l m ,  th e  com b in ed  t h i c k n e s s  o f  th e  
e l e c t r o d e  and th e  f i l m ,  and t h e  co m b in e d  t h i c k n e s s  
a f t e r  s p u t t e r i n g .
4 .2  PLASMA IMMERSION ION IMPLANTER RESULTS
T h is  e x p e r im e n t  d e m o n s t r a te d  th e  h o s t i l i t y  o f  t h e  P H I  
e n v iro n m e n t  by  o v e r s t r e s s i n g  s e v e r a l  e l e c t r o n i c  com pon en ts  
so  t h a t  no r e a l - t i m e  d a t a  was o b t a i n e d .  H ow ever, th e  
benchm ark d a t a  a t  t h e  d i f f e r e n t  s t a g e s  o f  th e  e x p e r im e n t  
c o u l d  s t i l l  y i e l d  i n f o r m a t i o n  a b o u t  th e  p r o c e s s .  The RBS 
d a t a  show v e r y  l i t t l e  d i f f e r e n c e  i n  th e  c o m p o s i t i o n  o f  th e  
f i l m s  b e f o r e  and a f t e r  i m p l a n t a t i o n .  The f i l m  on t h e  SC- 
c u t  r e s o n a t o r  was v e r y  s l i g h t l y  t h i n n e r  a f t e r  i m p l a n t a t i o n  
i n d i c a t i n g  t h a t  some s p u t t e r i n g  o c c u r r e d .  The f r e q u e n c y  
ch an ge  i n f o r m a t i o n  showed a d e c r e a s e  o f  o n l y  74 Hz w h ich  
w ou ld  i n d i c a t e  a v e r y  s m a l l  i n c r e a s e  i n  m ass. A l l  t h i s  
p o i n t s  t o  an e x p e r im e n t  i n  w h ich  v e r y  l i t t l e  h ap p en ed . 
T h ere  was no s i g n  o f  any s i g n i f i c a n t  o x y g e n  i n  t h e  RBS 
p l o t s  w h ich  w ou ld  i n d i c a t e  t h a t  th e  c o n d i t i o n s  f o r  
i m p l a n t a t i o n  w ere  n o t  c o r r e c t  p o s s i b l y  due t o  c h a r g e  b u i l d  
up on th e  s u r f a c e  o r  t h e  f i e l d  p a t t e r n  b e i n g  d i s t u r b e d  by 
t h e  r e s o n a t o r  e l e c t r o d e s  b e in g  k e p t  n e a r  e a r t h  p o t e n t i a l .
A s e c o n d  e x p e r im e n t  was d e v i s e d  i n  w h ich  th e  SC c u t  
r e s o n a t o r  and a p i e c e  o f  s i l i c o n  w a fe r  w h ich  was c o a t e d  
w ith  s i l c o n  n i t r i d e  a t  t h e  same t im e  as  t h e  r e s o n a t o r  w ere
p l a c e d  i n  t h e  p lasm a im m ers ion  sy s te m  w i t h o u t  any
17 2c o n n e c t i n g  w i r e s  and im p la n te d  w i t h  a b o u t  10 a tom s/cm  o f  
0<>. F o l l o w i n g  t h i s  e x p e r im e n t ,  th e  r e s o n a t o r  w ou ld  no 
l o n g e r  o s c i l l a t e  so  any c o n t r i b u t i o n  o f  th e  ch a n g e  in  
r e s o n a n t  f r e q u e n c y  t o  k n ow led g e  a b o u t  ch a n g e s  in  t h e  
s u r f a c e  f i l m  w ou ld  be i m p o s s i b l e .
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4 .3  CLUSTER SPUTTERING RESULTS
4 . 3 . 1  I n t r o d u c t i o n
The f i r s t  e x p e r im e n t  i n v o l v e d  making a s e r i e s  o f  runs  
u s in g  b o t h  t h e  2MeV and 500keV im p la n t e r s  t o  im p la n t  c a r b o n  
and m o l e c u l e s  c o n t a i n i n g  m u l t i p l e  c a r b o n  atom s a t  v a r i o u s  
e n e r g i e s  i n t o  t h e  g o l d  f i l m s  on  t h e  q u a r t z  r e s o n a t o r s  w h i l e  
m o n i t o r in g  s p u t t e r i n g  y i e l d  u s in g  th e  t h r e e  r e s o n a t o r  
t e c h n iq u e  p r e v i o u s l y  d e v e l o p e d .  W h ile  some o f  th e  d a ta  
d i s p l a y e d  p r e d i c t a b l e  b e h a v i o u r ,  t h e  s p u t t e r i n g  y i e l d s  w ere 
t o o  low  t o  a l l o w  i d e n t i f i c a t i o n  o f  n o n l i n e a r i t i e s  in  
s p u t t e r i n g  y i e l d  w i t h  m o l e c u l e  s i z e .  On r e f l e c t i o n ,  i t  was 
d e c i d e d  t h a t  c a r b o n  was a p o o r  c h o i c e  b e c a u s e  o f  t h e  low  
s p u t t e r i n g  y i e l d .
The s e c o n d  e x p e r im e n t  i n v o l v e d  t r y i n g  t o  make a s e r i e s  
o f  runs  u s in g  m o l e c u l e s  c o n t a i n i n g  d i f f e r e n t  numbers o f  
i o d i n e  atom s a t  v a r i o u s  e n e r g i e s .  T h ese  m o l e c u l e s  w ere  
c h o s e n  t o  g i v e  b e t t e r  s p u t t e r i n g  y i e l d s  and g i v e  d a t a  w h ich  
w i l l  a l l o w  i d e n t i f i c a t i o n  o f  n o n l i n e a r  e f f e c t s .  A tte m p ts  
t o  o b t a i n  a s t a b l e  beam w h ich  c o n t a i n e d  m o l e c u l e s  h a v in g  
m u l t i p l e  i o d i n e  atom s w ere  u n s u c c e s s f u l .  L o o k in g  f o r  an 
a l t e r n a t i v e ,  we d e c i d e d  t o  t r y  u s in g  a n t im o n y .
4 . 3 . 2  A ntim ony E x p e r im e n ts
We w ere  s u c c e s s f u l  i n  o b t a i n i n g  a beam c o n t a i n i n g  b o t h  
Sb* and Sbg* from  w h ich  s p u t t e r  y i e l d s  a t  50keV and lOOkeV 
r e s p e c t i v e l y  w ere  o b t a i n e d .  At 50keV p e r  atom t h e  y i e l d s  
c a l c u l a t e d  u s in g  c o l l e c t e d  c h a r g e  t o  d e t e r m in e  i n c i d e n t  
d o s e  and q u a r t z  r e s o n a t o r  f r e q u e n c y  d a t a  t o  d e te r m in e  mass 
o f  g o l d  l o s t  w ere  5 .1  Au a to m s /S b  atom f o r  Sb i o n s  and 9 .1
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around  20 f o r  Sb b u t  th e  m easured v a l u e s  from  t h e
l i t e r a t u r e  a r e  c l o s e r  t o  4 0 .  The enhancem ent f a c t o r  a g r e e s
w ith  t h e  v a l u e s  p r e d i c t e d  from  th e  l i t e r a t u r e  (Thompson and
J o h a r ,  1 9 7 9 ) .  B e ca u se  t h e  f i r s t  e x p e r im e n t  had b e e n  done
u s in g  g o l d  f i l m s  w h ich  had b e e n  d e p o s i t e d  w i t h  s i g n i f i c a n t
d o s e s  o f  c a r b o n ,  t h e  e x p e r im e n t  was r e p e a t e d  a f t e r
d e p o s i t i n g  a f r e s h  f i l m  o f  g o l d  on th e  r e s o n a t o r s .  The
in co m in g  d o s e s  w ere  c o n f i r m e d  by c o - i m p l a n t i n g  a s i l i c o n
sam ple and m e a su r in g  t h e  Sb c o n c e n t r a t i o n  by  RBS. The
y i e l d s  w ere  22 Au a to m s /S b  atom f o r  Sb i o n s  and 58 Au
a to m s /S b  atom f o r  Sbg i o n s .  The e x p e c t e d  v a l u e s  from  t h e
l i t e r a t u r e  w ere  37 Au a to m s /S b  atom and 114 Au a to m s /S b
atom r e s p e c t i v e l y  ( J o h a r  and Thompson, 1 9 7 9 ) .  The
d i f f e r e n c e s  a r e  l i k e l y  due t o  t h e  s u r f a c e  r o u g h n e s s  and t o
14 2th e  b u i ld u p  o f  Sb atom s d e p o s i t e d  as  Sbg (6  X 10 /cm  ) 
b e f o r e  m aking t h e  m easurem ents  u s in g  s i n g l e  Sb atom s b o t h  
o f  w h ich  w ou ld  l e a d  t o  a r e d u c t i o n  o f  y i e l d  (Thom pson, 
1 9 8 1 a ) .  The e f f e c t  o f  t h e  s u r f a c e  h i s t o r y  on  t h e  
s p u t t e r i n g  y i e l d  was d e m o n s t r a te d  by  th e  f i r s t  a t te m p t  a t
t h i s  e x p e r im e n t  u s in g  g o l d  f i l m s  w h ich  had b e e n  p r e v i o u s l y
1 fi ?i r r a d i a t e d  w i t h  a b o u t  2 X 10 c a r b o n  a to m s/cm  . The r e s u l t s
shown in  f i g u r e  4 . 7  f o r  Sb and f i g u r e  4 .8  f o r  Sbg a l s o  show
a s t r e s s  b u i l d - u p  d u r in g  t h e  runs and t h e  i n c r e a s e  in
te m p e r a tu r e  due t o  beam h e a t i n g ,
4 . 3 . 3  S p u t t e r i n g  y i e l d  v e r s u s  t e m p e ra tu re
F o l l o w i n g  on  from  t h e s e  i n i t i a l  e x p e r im e n t s ,  I  d e c i d e d
t o  p e r fo r m  a s e r i e s  o f  e x p e r im e n t s  t o  l o o k  a t  s p u t t e r i n g
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Au a to m s /S b  atom f o r  Sb£ i o n s .  TRIM s i m u l a t i o n s  g i v e  v a l u e s
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F i g u r e  4 . 7  Sb+ i n t o  A u .
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F i g u r e  4 . 8  Sb2+ i n t o  A u .
Ensrgy=1D0teeV C u rre n t Dens I ty = S 5 iW  sqcra
y i e l d s  o f  Sb and Sbg a t  e n e r g i e s  o f  30keV and 60keV 
r e s p e c t i v e l y  and t e m p e r a t u r e s  r a n g in g  from  t h o s e  p r o d u c e d  
by  beam h e a t in g  up t o  a ro u n d  150°C. The sam ple  h o l d e r  was 
m o d i f i e d  by  t h e  a d d i t i o n  o f  h e a t e r s  and t h e  t h e r m i s t o r  was 
a t t a c h e d  t o  t h e  h o l d e r .  B ecau se  o f  th e  r e s u l t s  o f  th e  
f i n a l  e x p e r im e n t  u s in g  an a rg o n  beam w here  s i g n i f i c a n t  
d i f f e r e n c e s  i n  s p u t t e r i n g  y i e l d  b e tw e e n  t h e  t h r e e  
r e s o n a t o r s  w ere  n o t e d ,  i t  was d e c i d e d  t o  u se  RBS 
m easurem ents w i t h  t h i s  e x p e r im e n t  a l s o .  T h is  p r o v i d e s  
c o n f i r m a t i o n  o f  a c c u r a c y  w h ich  a l l o w s  i n c r e a s e d  c o n f i d e n c e  
in  th e  s t r e s s  r e s u l t s .  In  t h e  f i r s t  run u s i n g  a 30 keV Sb 
beam, s p u t t e r i n g  y i e l d s  w ere  m easured  a t  25°C, 50°C, 100°C
|f n
and 150°C u s in g  a d o s e  o f  a p p r o x im a t e ly  2*10  i o n s / c m  a t  
e a ch  t e m p e r a t u r e .  T h ere  w ere  p r o b le m s  w i t h  d o s im e t r y  f o r  
t h i s  e x p e r im e n t .  The r e s o n a t o r s  w ere  i n i t i a l l y  e x p o s e d  t o
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F I g u r e  4 . 9
Sb in t o  Au v e rs u s  te m p e ra tu re .
Tim a  CMfnutesD 
□  Mass Change 0 Te o p e ra tu re  C Q
an u n scan n ed  beam f o r  a b o u t  5 m in u te s  b e f o r e  i t  was n o t i c e d  
t h a t  t h e  s c a n n in g  p ow er s u p p l i e s  had t r i p p e d  o f f .  The run 
was r e s t a r t e d  and g a v e  g o o d  r e a l  t im e  mass change  
i n f o r m a t i o n  a t  e a c h  t e m p e r a tu r e  b u t  t h e  t o t a l  t h i c k n e s s  
ch an ge  on e a c h  r e s o n a t o r  as  m easured  b y  RBS c o u l d  n o t  be 
c o r r e l a t e d  w i t h  t h e  t o t a l  f r e q u e n c y  ch an ge  i n f o r m a t i o n .  
The RBS m easurem ent o f  t h e  t o t a l  d o s e  on  a c o - i m p l a n t e d  
s i l i c o n  sam ple  c o u l d  a l s o  have b een  a f f e c t e d .  The t o t a l  
d o s e  as m easured  on  t h e  F araday  cu p s  s u r r o u n d in g  t h e  sam ple
i r a
was 8*10 i o n s / c m  w h i l e  t h e  d o s e  on t h e  s i l i c o n  sam ple  was 
m easured by  RBS t o  be  a b o u t  1 .4 * 1 0 ^  i o n s / c m 2. The mass 
ch an g e  and t e m p e r a tu r e  d a t a  f o r  t h i s  e x p e r im e n t  i s  shown in  
f i g u r e  4 . 9 .  The c a l c u l a t e d  s p u t t e r i n g  y i e l d s  u s i n g  th e  
nom in a l d o s e  a t  e a c h  t e m p e r a tu r e  a r e  shown i n  t a b l e  4 . 2 .
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T em p era tu re
(°C)
D ose 
( i o n s / c m  )
Y i e l d  
( a t o m s / i o n )
25 2* 1015 42
50 2 * 1015 42
100 2* 1015 34
150 2 * 1015 38
T a b le  4 .2 S p u t t e r i n g y i e l d  a t
d i f f e r e n t  t e m p e r a t u r e s  f o r  Sb 
bombardment o f  Au a t  30 keV.
4 . 3 . 4  S im u la t i o n  R e s u l t s
T h ese  r e s u l t s  w ere  a l s o  p r e s e n t e d  i n  (Webb e t  a l , 1 9 9 9 ) .  
M o le c u la r  Dynam ics s i m u l a t i o n s  w ere  done  u s i n g  MD c o d e  
w h ich  has  b e e n  d e s c r i b e d  i n  d e t a i l  i n  o t h e r  p u b l i c a t i o n s  
(S m ith  e t  a l , 1989 and H a r r i s o n ,  1 9 8 8 ) .  A b r i e f
d e s c r i p t i o n  w i l l  be  g i v e n  h e r e .  The s i m u l a t i o n  s o l v e s  th e  
e q u a t i o n s  o f  m o t io n  s i m u l t a n e o u s l y  f o r  e a c h  p a r t i c l e  and 
s t o r e s  i n f o r m a t i o n  on p o s i t i o n ,  v e l o c i t y  and e n e r g y  s t a t e s  
a t  d i f f e r e n t  t im e  s t e p s .  The p rogram  u s e s  th e  many bod y  
p o t e n t i a l s  o f  A c k la n d  e t  a l  (1 9 9 0 )  t o  m odel t h e  Au-Au 
i n t e r a c t i o n s .  The S b -S b  and Sb-Au i n t e r a c t i o n s  a r e  m od e led  
by  t h e  U n iv e r s a l  ZBL r e p u l s i v e  p a i r w i s e  p o t e n t i a l  ( Z i e g l e r  
e t  a l ,  1 9 8 5 ) .  T h ese  i n t e r a c t i o n  p o t e n t i a l s  do n o t  d e s c r i b e  
t h e  b o n d in g  n a t u r e  o f  t h e  S b -S b  o r  th e  Sb-Au p a r t i c l e s  and 
s o  c a n n o t  be u s e d  t o  d e s c r i b e  t h e  b o n d in g  c o n f i g u r a t i o n  o f  
t h e  im p la n te d  Sb i o n s .  Nor w i l l  th e y  d e s c r i b e  a c c u r a t e l y  
t h e  d i s s o c i a t i o n  o f  t h e  Sbg m o l e c u l e .  H ow ever, t h e  e n e r g y  
o f  t h e  i n t e r a c t i o n  w i t h  t h e  t a r g e t  s u r f a c e  i s  o f  su ch  
m agn itu de  t h a t  t h e  d yn a m ics  a r e  u n l i k e l y  t o  be  a f f e c t e d  
g r e a t l y  by t h i s  l a c k  o f  b i n d i n g .  A l s o ,  t h e s e  p o t e n t i a l s  
a r e  known t o  g i v e  a v e r y  g o o d  d e s c r i p t i o n  o f  t h e  h ig h  
e n e r g y  i n t e r a c t i o n s  and s o ,  s h o u ld  d e s c r i b e  t h e  i n i t i a t i o n  
o f  t h e  e n e r g y  e x c h a n g e  w i t h  t h e  s u r f a c e  atom s w e l l  enough 
t o  a l l o w  f o r m a t i o n  o f  t h e  e n s u in g  c o l l i s i o n  c a s c a d e  i n  th e  
g o l d  t a r g e t .  The g o l d  t a r g e t  i s  th e n  w e l l  d e s c r i b e d  by  th e  
many bod y  p o t e n t i a l .  P e r i o d i c  b ou n d a ry  c o n d i t i o n s  a r e  u sed  
a t  th e  l a t e r a l  b o u n d a r ie s  o f  t h e  t a r g e t  c e l l ,  t h e  s u r f a c e  
and b o t to m  l a y e r s  a r e  c o n s i d e r e d  t o  be  f r e e .  T h is  a l l o w s  
s p u t t e r i n g  o f  m a t e r i a l  and p r e v e n t s  unwanted r e f l e c t i o n  
from  t h e  b o t to m  l a y e r  o f  f a s t  m oving r e c o i l s .  In  g e n e r a l ,  
t h e  t a r g e t  s y s te m  i s  k e p t  l a r g e  enough  t o  a v o i d  th e  
i n f l u e n c e  o f  t h e  e d g e s  o f  t h e  c r y s t a l .  The t a r g e t  u s e d  in  
t h i s  s tu d y  i s  a g o l d  l a t t i c e  a r r a n g e d  i n t o  a b l o c k  120A
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s q u a r e ,  c o n s i s t i n g  o f  30 a t o m ic  l a y e r s .  T h is  c o n t a i n s  
a p p r o x im a t e ly  2 5 ,0 0 0  a tom s. The i n i t i a l  t e m p e r a tu r e  o f  t h e  
l a t t i c e  i s  0°K. Im p a c ts  o f  Sb and Sb2 on a s i n g l e  c r y s t a l  
( 1 0 0 )  f e e  g o l d  s u r f a c e  a r e  c o n s i d e r e d .  A r e g u l a r  a r r a y  o f  
im p a ct  p o i n t s  a r e  u se d  i n  a symmetry zon e  o f  t h e  c r y s t a l .  
A v e ra g e  c a l c u l a t i o n s  a r e  made o v e r  164 t r a j e c t o r i e s  f o r  Sb 
and 328 t r a j e c t o r i e s  f o r  Sb2 . The number o f  t r a j e c t o r i e s  i s  
n o t  h ig h  b u t  by  e m p lo y in g  r e g u l a r  s a m p lin g  r a t h e r  th an  
random s a m p l in g ,  e r r o r s  a r e  r e d u c e d  ( H a r r i s o n ,  1 9 8 8 ) .  
O r i e n t a t i o n s  o f  t h e  Sbg m o le c u le  b o t h  p a r a l l e l  and 
p e r p e n d i c u l a r  t o  t h e  s u r f a c e  and a n g le s  o f  i n c i d e n c e  w h ich  
w ere n o t  a l i g n e d  w ith  t h e  c r y s t a l  s t r u c t u r e  w ere  t r i e d  t o  
g e t  a f e e l  f o r  t h e  ra n g e  o f  v a l u e s  w h ich  m igh t  go  i n t o  
s p u t t e r i n g  from  an am orphous o r  p o l y c r y s t a l l i n e  s u r f a c e  f o r  
50 keV Sb i n t o  Au and 100 keV Sb2 i n t o  Au u s in g  end t im e s  o f  
1 ps  p e r  c a s c a d e .  The e n e r g i e s  were c h o s e n  t o  m atch  t h e  
e n e r g i e s  o f  th e  f i r s t  c l u s t e r  s p u t t e r i n g  e x p e r im e n t s .  
P r e v io u s  s i m u l a t i o n  s t u d i e s  o f  t h i s  k in d  u s e d  e n e r g i e s  l e s s  
th a n  10 keV p e r  bom ba rd in g  atom ( C o l l a  and U r b a s se k ,  1997 
and S h a p ir o  and T o m b r e l l o ,  1 9 9 1 ) ,
The r e s u l t s  w ere  c h a r a c t e r i s e d  by  r e l a t i v e l y  few  v e r y  
h ig h  y i e l d  e v e n t s  w here t h e  im p a ct  p o i n t  was n e a r  a co lum n 
o f  atom s in  th e  c r y s t a l  l a t t i c e  and many low  o r  z e r o  y i e l d  
e v e n t s  w here t h e  im p a c t  p o i n t  was l i k e l y  t o  l e a d  t o  
c h a n n e l l i n g .  The number o f  z e r o  y i e l d  e v e n t s  was l o w e r  
w i t h  Sb2 m o l e c u l e s .  S p u t t e r i n g  y i e l d  as  a f u n c t i o n  o f  t im e  
f o r  h ig h  y i e l d ,  medium y i e l d  and low  y i e l d  im p a c ts  f o r  b o t h  
Sb and Sb2 a r e  shown i n  f i g u r e s  4 .1 0 a  and 4 .1 0 b
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r e s p e c t i v e l y .  T h ere  i s  l i t t l e  d i f f e r e n c e  b e tw e e n  t h e  tw o .  
F or  t h e  h ig h  y i e l d  s i t e s  t h e  y i e l d  i n c r e a s e s  w i t h  t im e  f o r  
a l o n g  t im e  and i s  s t i l l  r i s i n g  e ven  a f t e r  1 0 p s .  The 
p r i n c i p l e  d i f f e r e n c e  i s  t h a t  t h e  h ig h  y i e l d  s i t e s  o c c u r  
more f r e q u e n t l y  i n  t h e  m o le c u la r  im p act  c a s e  th a n  in  t h e  
s i n g l e  atom c a s e .  The enhancem ent in  th e  y i e l d  com es from  
t h e  d o u b l i n g  o f  t h e  number o f  h ig h  y i e l d  s i t e s  and t h e  
i n c r e a s e  i n  " a c t i v i t y "  o f  t h e  h ig h  y i e l d  s i t e s .  The 
s p u t t e r i n g  y i e l d  f o r  s i n g l e  atom Sb im p act  was fo u n d  t o  be  
41 a t o m s / i o n  and t h e  y i e l d  f o r  th e  Sbg t o  be  109 
a t o m s /m o le c u le  o r  5 4 .5  atom s A u /in c o m in g  Sb atom . F or  th e  
v e r y  h ig h  y i e l d  s i m u l a t i o n s  o f  t h e  m o le c u la r  im p a c ts  t h e r e  
i s  some e v i d e n c e  t h a t  t h e r e  was a c o n ta in m e n t  p r o b le m  in  
w h ich  a h o l e  was c r e a t e d  r i g h t  th r o u g h  th e  t a r g e t  r e g i o n .  
T h is  w i l l  a f f e c t  t h e  d e g r e e  o f  n o n l i n e a r i t y  s e e n  in  t h e s e  
r e s u l t s  and i t  i s  l i k e l y  t h a t  t h e  y i e l d  w i l l  be  e v e n  h i g h e r  
from  th e  m o l e c u l a r  im p a c t s .  The v e l o c i t y  d i s t r i b u t i o n  o f  
t h e  atom s in  t h e  s i m u l a t i o n  was p l o t t e d  a t  1 p s  f o r  
s e l e c t e d  lo w ,  medium and h ig h  y i e l d  e v e n t s .  As m igh t  be  
e x p e c t e d ,  t h e r e  w ere  a h i g h e r  p r o p o r t i o n  o f  h ig h  v e l o c i t y  
atom s p r e s e n t  i n  t h e  h ig h  y i e l d  e v e n t s .  The v e l o c i t y  
d i s t r i b u t i o n  was p l o t t e d  a t  a se q u e n c e  o f  t im e s  up t o  1 p s  
f o r  a h ig h  y i e l d  e v e n t .  T h is  was e x t r a p o l a t e d  t o  a p l o t  o f  
t e m p e r a tu r e  and y i e l d  as  a f u n c t i o n  o f  t im e  shown in  f i g u r e  
4 . 1 1 .  T h is  f u r t h e r  r e i n f o r c e d  th e  c o n c l u s i o n  t h a t  m ost o f  
t h e  y i e l d  o c c u r s  d u r in g  t h e  i n i t i a l  h ig h  t e m p e r a tu r e  
" s p i k e "  w h ich  has  d i s s i p a t e d  t o  a s l o w e r  s t e a d y  d e c l i n e  
a f t e r  1 p s .
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4 .4  DISCUSSION OF RESULTS
The c h o i c e  o f  Sb+ and Sbg* as  s u i t a b l e  i o n s  f o r  th e  
e x p e r im e n t s  was made a f t e r  t r y i n g  u n s u c c e s s f u l l y  t o  o b t a i n  
a beam u s in g  i o d i n e  by  l o o k i n g  f o r  an e le m e n t  w i t h  s i m i l a r  
a to m ic  number f o r  w h ich  s o u r c e  m a t e r i a l  was a v a i l a b l e .  The 
c h o i c e  was f o r t u n a t e  i n  t h a t  i t  a l l o w e d  d i r e c t  c o m p a r is o n  
w ith  p r e v i o u s  e x p e r im e n t s .  The p r e v i o u s  e x p e r im e n t s  u sed  
g o l d  f i l m s  d e p o s i t e d  on s i l i c o n .  Th ese  f i l m s  more n e a r l y  
r e p r e s e n t e d  an i d e a l  p l a n a r  s u r f a c e  th a n  th e  g o l d  f i l m s  
d e p o s i t e d  on e t c h e d  q u a r t z  w h ich  I u s e d .  F ig u r e s  4 .1 2  and 
4 .1 3  show th e  s u r f a c e s  o f  t h e  AT c u t  r e s o n a t o r  b e f o r e  and 
a f t e r  im p l a n t a t i o n  r e s p e c t i v e l y .  T h ere  i s  c l e a r  e v i d e n c e  
o f  c r a t e r  f o r m a t io n  a f t e r  i m p l a n t a t i o n .  F ig u r e s  4 .1 4  and 
4 .1 5  show th e  s u r f a c e s  o f  t h e  BT c u t  and SC c u t  r e s o n a t o r s
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r e s p e c t i v e l y  a f t e r  i m p l a n t a t i o n .  As n o t e d  in  s e c t i o n  4 . 1 ,  
t h e r e  a r e  s i g n i f i c a n t  d i f f e r e n c e s  betw een  th e  s u r f a c e s  o f  
th e  d i f f e r e n t  c u t s  o f  r e s o n a t o r s  w h ich  l e a d  t o  d i f f e r e n c e s  
i n  s p u t t e r i n g  y i e l d  b e tw een  t h e  d e v i c e s .  As i n  p r e v i o u s  
e x p e r im e n t s ,  i t  was n e c e s s a r y  t o  u se  a c o r r e c t i o n  f a c t o r  o f  
7% on  th e  mass c o n s t a n t  o f  t h e  SC c u t  r e s o n a t o r  t o  a c h i e v e  
a r e a s o n a b l e  t e m p e r a tu r e  p r o f i l e  f o r  th e  e x p e r im e n t .  Any 
d i f f e r e n c e  i n  t h e  s p u t t e r i n g  y i e l d  b e tw een  th e  AT c u t  and 
BT c u t  r e s o n a t o r s  w i l l  a p p e a r  as an e r r o r  i n  th e  
c a l c u l a t i o n  o f  th e  l a t e r a l  s t r e s s .  B ecau se  th e  mass change  
i s  t h e  p re d o m in a n t  f a c t o r  in  t h i s  e x p e r im e n t ,  th e  e x p e c t e d  
e r r o r  i n  t h e  y i e l d  c a l c u l a t i o n s  s h o u ld  be m a in ly  l i m i t e d  by  
th e  a c c u r a c y  o f  th e  m easurem ent o f  th e  i o n  d o s e .  The 
d i f f e r e n c e  i n  d o s e  as  m easured  by c o l l e c t e d  c h a r g e  and by 
RBS o f  t h e  c o - i m p l a n t e d  s i l i c o n  sam ple was 8% s o  a w o r s t  
c a s e  a c c u r a c y  o f  10% seems r e a s o n a b l e .  A summary o f  
s p u t t e r i n g  r e s u l t s  and c o m p a r is o n  b e tw een  my r e s u l t s ,  
e a r l i e r  e x p e r im e n t a l  r e s u l t s  and s i m u l a t i o n  r e s u l t s  i s  
shown in  t a b l e  4 . 3 .
1 0 1
1 0 2
TRIM
89
TRIM
90
TRIM
95
TRIM
9 5 .4
TRIM
97
i J&T 
79
Way
98
MD
Norm.
MD
A n g le
45keV Ar>Au 6 7 15 9 12
lOOkeV Ar>Au 12 5 7 10 7 10
400keV Ar>Au 7 7
30keV Sb>Au 33 3 4 -4 2
50keV Sb>Au 17 15 33 23 38 22 41 68
lOOkeV Sb>Au 25 20 20 30 22 43
lOOkeV Sb2>Au ( v e r t i c a l ) 114 58 52 58
lOOkeV Sb2>Au ( l a t e r a l ) 114 58 57 70
J&T 79 E x p e r im e n ta l  D ata (J o h a r  and Thompson, 197 9 )
Way 98 E x p e r im e n ta l  R e s u l t s  R e p o r t e d  i n  T h is  Work.
MD Norm, l p s  M o le c u la r  Dynam ics S im u la t io n  -  Normal I n c i d e n c e .  
MD A n g le  l p s  M o le c u la r  Dynam ics S im u la t io n  -  7° o f f  norm al
15° r o t a t i o n .
T a b le  4 . 3 .  C om p arison  o f  S im u la t i o n  R e s u l t s  
and E x p e r im e n ta l  R e s u l t s .
I t  ca n  be s e e n  t h a t  t h e  TRIM p rogram  has  b een  tu n e d  on a 
r e g u l a r  b a s i s  and n o t  a lw a y s  i n  th e  d i r e c t i o n  o f  a c l o s e r  
f i t  t o  r e a l i t y .  The ag reem en t w i t h  e x p e r im e n t a l  d a t a  has 
b e e n  g o o d  f o r  some v e r s i o n s .  F ig u r e  4 .1 6  shows t h e  r e s u l t s  
u s in g  TRIM 97 f o r  Ar i n t o  Au and Sb i n t o  Au f o r  a ra n g e  o f  
e n e r g i e s  and com pa res  them w i t h  th e  e x p e r im e n t a l  d a t a .
T h is  c o m p a r is o n  b e a r s  o u t  t h e  o b s e r v a t i o n  t h a t  BCA 
s i m u l a t i o n s  a r e  r e a s o n a b l y  g o o d  f o r  th e  l i g h t e r  i o n s  b u t  
n o t  r e a l i s t i c  f o r  h e a v i e r  i o n s  i n t o  h eav y  t a r g e t s .
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The i n i t i a l  w ork l o o k i n g  a t  ch a n g e s  i n  q u a r t z  
r e s o n a t o r  b a n d w id th  o r  Q w ith  ch a n g e s  in  mass l o a d i n g ,  
t e m p e r a tu r e  and shunt c a p a c i t a n c e  p r o v i d e d  an u n d e r s t a n d in g  
o f  t h e  s e n s i t i v i t i e s  and p o s s i b l e  u s e f u l n e s s  o r  p r o b le m s  
a s s o c i a t e d  w i t h  th e  p h y s i c a l  and e l e c t r i c a l  e n v ir o n m e n t .  
The o r i g i n a l  i d e a  was t o  t r y  t o  e x t r a c t  s u f f i c i e n t  
i n f o r m a t i o n  from  two r e s o n a t o r s  t o  a l l o w  s e p a r a t i o n  o f  mass 
c h a n g e ,  l a t e r a l  s t r e s s  ch an ge  and t e m p e r a tu r e  e f f e c t s .  The 
k n ow led g e  g a in e d  from  t h e  i n i t i a l  w ork was h e l p f u l  i n  t h e  
d e s i g n  o f  t h e  o s c i l l a t o r  c i r c u i t s  and t h e  o v e r a l l  
e x p e r im e n t a l  s e t u p .
The f i r s t  s p u t t e r i n g  e x p e r im e n t s  u s in g  t h e  t h r e e  
r e s o n a t o r  sy s te m  r a i s e d  d o u b ts  a b o u t  t h e  v a l i d i t y  o f  t h e  
l a t e r a l  s t r e s s  r e s u l t s  b e c a u s e  o f  th e  s p u t t e r i n g  y i e l d  
d i f f e r e n c e s  b e tw e e n  t h e  d i f f e r e n t  c r y s t a l l o g r a p h i c  c u t s  o f  
r e s o n a t o r s  due t o  s u r f a c e  t e x t u r e  d i f f e r e n c e s .  T h is  
p rom p ted  th e  f o l l o w  on  e x p e r im e n t  u s in g  RBS t o  v e r i f y  and 
q u a n t i f y  t h e  s p u t t e r i n g  y i e l d  d i f f e r e n c e s .  The RBS d a t a  
was u s e d  t o  c o r r e c t  f o r  th e  y i e l d  d i f f e r e n c e s  w h ich  a l l o w e d  
d e t e r m i n a t i o n  o f  l a t e r a l  s t r e s s  w ith  g r e a t e r  c e r t a i n t y .  
A greem ent has been  shown b e tw e e n  two in d e p e n d e n t  
m easurem ent t e c h n i q u e s  i n  t h e  m easurem ent o f  s p u t t e r i n g  
y i e l d .  U sing  t h e  a d d i t i o n a l  i n f o r m a t i o n  p r o v i d e d  by an 
in d e p e n d e n t  m easurem ent o f  s p u t t e r i n g  y i e l d  has  a l l o w e d  a 
c o r r e c t i o n  t o  be  made f o r  t h e  y i e l d  d i f f e r e n c e s  and h e n ce  
com p en sa te  f o r  t e m p e ra tu re  ch a n g e s  and c a l c u l a t e  t h e  b u i l d ­
up o f  l a t e r a l  s t r e s s  d u r in g  s p u t t e r i n g .  The c o s t  o f  t h e
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5 . CONCLUSIONS
a d d i t i o n a l  i n f o r m a t i o n  p r o v i d e d  by RBS i s  n o t  t r i v i a l  
b e c a u s e  i t  r e q u i r e s  two s e t s  o f  RBS d a ta  on d i f f e r e n t  d ays  
and v e r y  c a r e f u l  c a l i b r a t i o n  o f  t h e  sy s te m  on e a c h  d ay  t o  
p r o v i d e  t h e  r e q u i r e d  a c c u r a c y .  The m ethod i s  a p p l i c a b l e  t o  
m easurem ents on t h i n  f i l m s  w h ich  can  be  d e p o s i t e d  i n  p l a c e  
o f  o r  o v e r  t h e  r e s o n a t o r  e l e c t r o d e s .
A t e c h n iq u e  has  b e e n  d e m o n s tr a te d  w h ich  p r o v i d e s  an 
i n - s i t u  m o n i t o r  o f  c h a n g e s  i n  a r e a l  mass d e n s i t y ,  l a t e r a l  
s t r e s s  and t e m p e r a tu r e  f o r  t h i n  f i l m  p r o c e s s e s .  The g o a l  
o f  p r o v i d i n g  t h e  r e s u l t s  i n  r e a l  t im e  d u r in g  an e x p e r im e n t  
has  n o t  b een  e n t i r e l y  s u c c e s s f u l  b e c a u s e  o f  t h e  s p u t t e r i n g  
y i e l d  d i f f e r e n c e s  b e tw e e n  t h e  d i f f e r e n t  c r y s t a l l o g r a p h i c  
c u t s  o f  t h e  r e s o n a t o r s  due t o  s u r f a c e  t e x t u r e  d i f f e r e n c e s .  
I t  i s  p o s s i b l e  t o  p r o v i d e  t h e  mass change  r e s u l t s  c o r r e c t e d  
f o r  am bien t  t e m p e r a tu r e  u s in g  t h e  t e m p e r a tu r e  m easured  by  
th e  t h e r m i s t o r ,  b u t  u n c o r r e c t e d  f o r  s t r e s s  e f f e c t s ,  in  
r e a l - t i m e  b e c a u s e  t h i s  d o e s  n o t  r e q u i r e  an i t e r a t i v e  
s o l u t i o n  f o r  t e m p e r a t u r e .  T h is  d o e s  n o t  p r o v i d e  an 
i n d i c a t i o n  o f ,  o r  c o r r e c t i o n  f o r ,  t e m p e r a tu r e  ch an ge  due t o  
beam h e a t i n g .  The u se  o f  t h e s e  t e c h n i q u e s  f o r  r o u t i n e  w ork 
w ou ld  r e q u i r e  h a v in g  r e s o n a t o r s  made w i t h  t h e  d i f f e r e n t  
c r y s t a l l o g r a p h i c  c u t s  a l l  p r o c e s s e d  t h e  same way w i t h  
p o l i s h e d  s u r f a c e s  t o  m in im ise  t h e  d i f f e r e n c e s  b e tw een  
r e s o n a t o r s .
The e x p e r im e n t s  i n v o l v i n g  t h e  P lasm a Im m ersion  I o n  
I m p la n te r  w ere  u n s u c c e s s f u l  i n  t h a t  t h e y  p r o v i d e d  no u s e f u l  
d a ta  r e g a r d in g  t h e  p r o c e s s e s .  T h e i r  c o n t r i b u t i o n  was o n l y  
t o  d e m o n s t r a t e  t h e  i n c o m p a t i b i l t y  b e tw e e n  th e  p lasm a
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im m ers ion  e n v iro n m e n t  and t h e  q u a r t z  r e s o n a t o r s  w ith  o r  
w i t h o u t  c o n n e c t i n g  w i r e s .  C a r e f u l  r e d e s i g n  o f  t h e  p h y s i c a l  
d e t a i l s  f o r  m ounting  o f  a q u a r t z  r e s o n a t o r  w i t h o u t  
c o n n e c t i n g  w i r e s  i n  t h e  PIXI c o u l d  r e s u l t  i n  u s e f u l  d a t a  
a b o u t  t o t a l  mass ch an g e  i n  t h e  s i l i c o n  n i t r i d e  f i l m s  f o r  an 
e x p e r im e n t  b u t  r e a l  t im e  d a t a  d u r in g  im p l a n t a t i o n  d o e s n ’ t  
a p p e a r  t o  be  l e a s a b l e .
The e x p e r im e n t  m e a su r in g  t h e  s p u t t e r i n g  y i e l d s  f o r  Au 
bom barded w i t h  Sb a t  50keV and Sbg a t  lOOkeV d e m o n s t r a te d  
t h e  enhancem ent o f  y i e l d  u s in g  m o l e c u l a r  beams and t h e  
b u i l d  up o f  l a t e r a l  s t r e s s  w h ich  o c c u r s  w ith  e v e n  m o d e ra te  
d o s e s .  The s i m u l a t i o n s  done u s in g  m o l e c u l a r  dyn am ics  c o d e  
p r o v i d e d  f u r t h e r  i n s i g h t  i n t o  th e  n a tu r e  and s t a t i s t i c s  o f  
s p u t t e r i n g .
The f i n a l  e x p e r im e n t  l o o k i n g  a t  s p u t t e r i n g  y i e l d s  f o r  
Sb a t  30 keV and Sbg a t  60 keV f o r  t e m p e r a tu r e s  from  am bien t  
t o  150°C was i n c o n c l u s i v e .  The e x p e r im e n t a l  d e t a i l s  n eed  t o  
b e  r e v i s e d  t o  a s s u r e  g o o d  d o s im e t r y  and t o  u se  a much 
s m a l l e r  d o s e  a t  e a c h  t e m p e r a tu r e  t o  a v o i d  l o a d i n g  t h e  
s a m p le .  I t  w ou ld  be  d e s i r a b l e  t o  a l t e r n a t e  b e tw e e n  Sb and 
Sbg a t  e a c h  t e m p e r a tu r e  and t o  r e p e a t  t h e  am bien t  
t e m p e r a tu r e  m easurem ents  a t  t h e  end o f  th e  e x p e r im e n t .  I t  
m ight a l s o  be  p o s s i b l e  t o  i n c l u d e  d a t a  f o r  Sbj a t  90 k e v .  
I p la n  t o  do  t h i s  e x p e r im e n t  in  th e  n e a r  f u t u r e .
T h ere  i s  c u r r e n t  i n t e r e s t  in  th e  u s e  o f  c l u s t e r s  
c o n t a i n i n g  t e n s  o f  atom s t o  o b t a i n  h ig h  d o s e  low  e n e r g y  
im p la n ts  (G o to  e t  a l . , 1 9 9 6 ) .  T h ere  i s  l i k e l y  t o  be s t r e s s  
b u i l d  up d u r in g  t h e  i m p l a n t a t i o n  o f  l a r g e  m o l e c u l e s  o r
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c l u s t e r s  making t h i s  t e c h n i q u e  p o t e n t i a l l y  u s e f u l  in  
u n d e r s ta n d in g  t h e  p r o c e s s e s  i n v o l v e d .  T h is  i s  a n o t h e r  a r e a  
f o r  p o s s i b l e  f u t u r e  w ork .
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APPENDIX I .
L i s t i n g  o f  d a t a  l o g g i n g  p rogram  u sed  t o  c o n t r o l  t h e  d a ta  
a c q u i s i t i o n  p r o c e s s  and t r a n s l a t e  ASCII d a t a  from  th e  
f r e q u e n c y  c o u n t e r  i n t o  n u m e r ic a l  v a lu e s  and s t o r e  them in  
a f i l e  f o r  l a t e r  p r o c e s s i n g .
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APPENDIX I I .
L i s t i n g  o f  BASIC p rogram  w h ich  p e r fo r m s  t h e  s o l u t i o n  
a l g o r i t h m  and p r e s e n t s  t h e  r e s u l t s  g r a p h i c a l l y  and s t o r e s  
d a t a  f o r  f u r t h e r  p r o c e s s i n g  by  a s p r e a d s h e e t  p rogra m .
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L i s t i n g  o f  r e a l  t im e  d a t a  a c q u i s i t i o n  and c a l c u l a t i o n  
p rogram  w h ich  t r a n s l a t e s  ASCII d a t a  from  t h e  f r e q u e n c y  
c o u n t e r  i n t o  n u m e r ic a l  v a l u e s ,  s t o r e s  them i n  a f i l e  f o r  
l a t e r  p r o c e s s i n g  and p e r fo r m s  th e  s o l u t i o n  a l g o r i t h m  
p r e s e n t i n g  t h e  d a t a  on  t h e  p r i n t e r  i n  t a b u l a r  fo rm . In  
o r d e r  t o  be t o t a l l y  r e l i a b l e ,  t h i s  program  r e q u i r e s  f u r t h e r  
e r r o r  c h e c k in g  t o  a v o i d  p r o b le m s  when d a t a  w i l l  n o t  p r o d u c e  
a c o n v e r g e n t  an sw er .
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£  i n  c 1 u  d  e  < b  j. o  s . h  >
/ i n c l u d e  < c o n  i  o . h  >
/ i n c l u d e  < s  t-d  1 i  b . h  >
/ i n c l u d e  < s t d  i  o . h >
/ d e f i n e  COM! 0
/ d e f i n e  DATALREADY 0 x 1 0 0
/ d e f i n e  S E T T IN G S  C0 x 8 0  ! 0 x 0 3 )
F I L E  T f  p i r , T f  o p e n <13;
v o  i  d  ma i  n  C3 
C
i n t -  c h _ i n ,  c h _ o u t ,  s l e n ,  s t a t u s , c h a n ,  i ,  n ,  m, y ,  i n i t - j
d o u b l e  f a ,  f b ,  f s ,  t - , t e ,  n t ,  n m ,  n s ,  a 4 0 ,  b 2 S ,  = 9 0 ,  s 5 0 ,  a ,  b ,  c ,  d ,  e ,  
f ,  g ,  x ,  a k , b k , s k , a p ,  b p ,  d f , s q r t C d o u b l e  x )  5 
1o n g  i  n  t  v a  i  ueC 4  3 ;  
i n t .  g e t c h C v o i d ) ;
c h a r  d a t a Z2 5 3  , s t r C 8 3 , f i l e n a m e C 1 0 3 , o u t b u f f 1 5 0 3  ; 
p r  i n t f  C" \ n E n t e r  F i 1e n a m e  " 1 5  
s  c a n f  C"  % s"  , f  i  1 e n a m e  3 ;
p r  i n t - f  < " P r e s s  RESET B u t t o n  o n  F r e q u e n c y  C o u n t e r  t h e n  P r e s s  R E T U R N " ) ;  
g e t c h C ) ;
f p t r = f o p e n C f i l e n a m e , " w ” ) ;
i f  C f p i r  = =  N U L L )  p r i n t f C "  e r r o r  i n  o p e n i n g  f i l e \ n " 35
b l o s e o r n  C0 ,  S E T T I N G S , COM1 ) ;
c h a n  =  4 8 ;
i  = 25
i n i  t = 0 ;
a 4 0 = 5 9 4 1 . 9 8 7 ;
5 2 5 = 5 9 5 4 . 6 5 5 5  
s 3 0 = 4 9 6 3 . 3 9 7 ;  
s 5 0 = 4 9 6 9 . 4 1 4 ;  
a = 8 . 8 e - 7 ;  
b = 0 ;
c = —4 . S e —4 ;  
d = 0 ;
e = 4 . l e - 7 ;
f - _ i  5 e - 4 ;
g = —4 . 0 e —S; 
a p = 5 . 1 9 4 & - 7 ;  
b p = - 2 . 9 e - 7 ; 
a k  = - 7 . 8 2 e + 4  j  
b k = —5 . 2 1 e + 4 j  
s k = —5 .  12e-t-4 5 
t e = 2 0 ;
y = 0 ; ’
b i  o s c  om C l ,  c h a n , COM1 ) ;  
w h i 1 e  C l )
C
s t a t u s  = b i o s  com  C 3 ,  0 ,  C O M D j  
i f  C s t a t u s  & D A T A L R E A D Y )
i f  C C ch.., i n  =  b i o s c o m  C 2 ,  0 ,  C 0 M 1)  & 0 x 7 f ) i =  0 )
C
d a t a C  i  3 =  c h _ i  n ; 
i  =  i  +  i s  
}
i f  C k b h i t  C) 3 
{
i f  C C c h _ o u t  =  g e t c h  C 3 ) = =  2 7 3  e x i t  C O );  
b i o s c o m  C 1 .  c h _ o u t ,  C 0 M 1 3 ;
3
i f  Cch in == 13)
£ .. ' 
d e l a y  C 5 0 0 ) ;
m =  c h a n  -  4 7 ;  1 1 8
i  f  C C d a t a C  2 II I = 7 8  3 & C d a t a £ 4 3  = = 4 6 3  3 
£ s  t  r  C O 3 = d a t a  SI 3  3 ;
f o r C n = i ; n < 7 ; n + + ) s t r C n 3 = d a t a C n + 4 3  ; 
s t r £ 7 3 = 0 5
v a  1. u s  Cm3 = a t o  1 C s i r  3 ;  
f p r  i n t f  C f p t r , " % l d \ n " , v a l u e C m l 3 ; 3 
i f  < C d a t a C 2 3 ! = 7 8 > & < d a t a C 7 3 « = 7 2 ) 3
C f o r C n = 0  5 n < 4  5 n + + 3 s t r  C n  3 = d a  t a C  n + 2 3 ; 
s t r  C4 3 = 0 j
v a 1u e  £ m 3 = a t o 1 C s  t r  3 ;  
f p r i n t f C f p t r , " % l d \ n " , v a l u e C m 3 3 j 3
i  -  . 15
i f  C c h a n  = =  51  3
£ f  a = v a l u e C  1 3 j f  b = v a l u e C 2 3  ; f s = v a l u e C 3 3 ; t = v a l u e C 4 3  ;
f a = f a / 1 0 0 0 ; f b = f b / 1 0 0 0 ; f s = f s / 1 0 0 0 j t = t / 1 0 0 ;
p r i n t f C " \ n C H 0  X 8 . 3 f  C H I  % 8 . 3 f  CH 2 « 8 . 3 f  CHS %B . 2 f \
n " , f a .  f b ,  f s ,  t ) ;
i f  C i n i t  = =  0 )
£ a 4 0 = f a - a t C  t - 4 0  3 t < t - 4 0 3 * C t - 4 0 3- b t C  t - 4 0 3 ; 
b 2 5 = f  b - c *  C t - 5 5  3 t  C t - 5 5  3 - d t  C t - S S  3 ; 
s 3 0 = t  s ~ e t  C t —9 0  3 $  C t - 9 0  3 t  C t - 9 0  3- f  t  C t - 9 0  3 ; 
s 5 0 = f  s - g t C  t - 7 0 ) t C  t - 7 0 3  ;
1 n  i  t = 1 ;  
t e = t ?3 
n t = t e + 1 0 j
w h x  l e  C C ab sC  t e - n t - 3  3 > « 0 .  53
£ i f  C C t e  < =  5 7 3  && Cy = =  03 3
£ nm =  C f  a t b p —f  b  t  a  p —a  4  0  t  b  p + b  2  5  t  a  p  -- a  t  b  p  t  C t e -  
4 0  3 t  C t e —4 0  3 *  C t e - 4 0  3 + c t a p t  C t e - 5 5  3 t  C t e - 5 5  3 - b t b p t  C t e - 4 0  3 + d * a p t  C t e - 5 5  3 3 /  C a k  t b p - b k t a p
3 5
n s = C  f  b —b 2 5 —c * C t e - 5 5  3 tC  t e - 5 5  3- d t C  t e - 5 5  3- b
k t n m  3 / b p 5
x=C s k  t n m + s S O - f s 3 / —g ; 
n t = 7 0 . 0 - s q r  t  C x 3 ;
3
i f  C C t e  > 5 7 3  11 Cy = =  1 3 )
£ nm=C f  s - s S O - e t  C t e - 9 0  3 tC  t e - 9 0  3 t C  t e - 9 0  3 - f  t
C t e - 9 0 3 3 / s k ; 
t e - 4 0  3- a k  t  nm 3 / a p ;
” , nm , n s ,  n t-3 ; 
f f C n j ,  03 ?
n s = C  f  a —a 4 0 —a t C  t e - 4 0 31C t e - 4 0 31C t e - 4 0  3- b t  C 
d f  = b 2 5 —f  b  ?
x=C d /  c 31C d / c  3 - 4 t C  d f  + b k  t n m + b p t n s 3 / c ;
n t = 5 5 + 0 . S t  C d / c  + s q r t  C x  3 3 5
y = l ;
i f  Ct-e < S S )
£ y = 0 ; 3
3
i  f  C C a b s  C t e ’- n 1 3 3 > = 0 .  5  3
£ t e = t e + 0 . 3 t  C n  t - b e  3 ;  
p r i n t f  < "  %f %f  \ n " , t e ,  n i ) ; 3  
i f  C C a b s  C t e - n 1 3 3 < 0 . 5 3
C s l e n - s p r i n t f  C o u t b u f f , "  %g %g %g \ n
f o r ( n = 0 j n  < =  s l e n ;  n + + 3 b i o s p r  in t - C O ,  o u t b u
3
s l e e p C 2 6 ) ;
3
c h a n  =  c h a n  -t- 1 ;
i f  C c h a n  = =  5 2 3  c h a n  = 4 8 ;
b i o s c o m  C l ,  c h a n ,  C 0 M 1 3 ;
3
